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Disease caused by Bordetella pertussis persists with rates increasing over the past 

decade in industrialized countries.  A hindrance to vaccine development has been the lack 

of a clear serological correlate of protective immunity. Pertussis toxin (PTx), an AB-type 

toxin, is one of the bacteria’s major virulence factors and among the lead candidates for 

potential correlates.  Of the numerous monoclonal antibodies (mAbs) binding PTx, the 

murine IgG2a mAb 1B7 is potently neutralizing in all in vitro assays and in vivo 

murine models of infection.  1B7 binds an epitope on the enzymatic S1-subunit of PTx 

with some linear elements but previous work was unable to more precisely define the 

epitope or determine its exact mechanism of protection. 

We characterize the epitope bound by 1B7 on PTx-S1 in molecular detail and 

define energetically important interactions between residues at the interface including six 

residues on PTx-S1 and six residues on 1B7.  Using this information, a model of the 1B7-

S1 interaction was developed, indicating a predominantly conformational epitope located 

on the base of S1 near S4.  The location of this epitope is consistent with previous data 
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and is shown to be conserved across several naturally occurring strain variants including 

PTx-S1A, B, D, and E in addition to the catalytically inactive 9K/129G variant. Using 

immunofluorescent microscopy, it was determined that 1B7’s unique mode of action lies 

in its ability to bind to the toxin and co-traffic into target cells.  Upon endocytosis, 1B7 

protects from PTx intoxication by redirecting its intracellular retrograde trafficking.  

In order to determine whether antibody responses are differently induced by 

infection or acellular vaccination, we analyzed sera from 30 adults with confirmed 

exposure to pertussis and 30 recent vaccinees.  Natural infection resulted in significantly 

higher titers of anti-PTx-S1, 1B7-like, and 11E6-like antibodies, while overall anti-PTx 

titers were similar to vaccinated samples. We also observed a direct correlation between 

in vitro protection and the presence of 1B7-like and 11E6-like antibodies.  Thus, natural 

infection elicits higher titers of protective antibodies indicating that the use of detoxified 

PTx in current acellular vaccines although highly immunogenic results in the elicitation 

of predominantly non-neutralizing antibodies. 
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Chapter 1: Background 

 

1.1 BORDETLLA PERTUSSIS 

 Pertussis or Whooping Cough is a respiratory infection caused by the bacteria 

Bordetella pertussis. This deadly disease continues to manifest itself not only in 

underdeveloped countries where it is ranked as the 3rd major cause of infant mortality, but 

also in industrialized countries where outbreaks continue in spite of over 50 years of 

vaccination (40, 55, 66, 108, 131, 135).  These outbreaks are thought to be due in part 

due to loss of herd immunity caused partly by a fear of vaccination but also due to 

antigenic drift (46, 88).  While vaccines have changed over the years from a whole cell to 

an acellular to a catalytically inactive pertussis toxin variant 9K/129G, they can only 

prevent severe disease, not promote a sterile environment (22, 119, 133, 139).  Thus, after 

being administered to infants at 2, 4, and 6 months, acellular vaccine-induced immunity 

wanes over time leading to adult reservoirs of the disease (135).  This has lead to the 

recent approval of booster vaccines for adults and adolescents in 2006 (11, 96). 

 People are susceptible to pertussis throughout their lifetime.  While the typical 

symptom for adults and adolescents is a prolonged cough lasting for over 2 weeks, 

infants due to the rapid loss of maternal immunity, experience the most severe form of 

the disease often resulting in week long hospital stays (25, 55, 121).  Antibiotics are 

typically given early in the disease development.  However, diagnosis is not usually 

confirmed early in disease and antibiotics are ineffective past the catarrhal stage leaving 

doctors with only supportive treatment such as IV fluids and oxygen (12, 13, 131). Due to 
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the average hospitalization cost of $9586 per infant and lack of specific therapeutics (92), 

passive immunization may be a cost effective treatment option.  P-IGIV, polyclonal 

immunoglobulin purified from immunized human volunteers, and the monoclonal 

antibody (mAB) 1B7 have been used in aerosol challenge murine studies resulting in 

90% and 100% survival rates, respectively (13, 113).  P-IGIV treatment has also been 

used in clinical trials with human infants, resulting in a statistically significant reduction 

in the number and duration of whoops in a Phase 1 clinical trial (12, 38). However, a 

larger Phase 3 trial was unable to confirm or refute these benefits (44). 

 

1.1.1 MAJOR PROTECTIVE ANTIGENS 

Humoral immunity has been shown to play a major role in protection against 

Bordetella (86).  In contrast to other toxin-mediated diseases such as tetanus and 

diptheria, no single antigen has elicited a quantifiable immune response convincing 

enough to correlate it with protection.  This has resulted in disagreement as to which 

major antigens confer protection (93, 132).  These include surface agglutinogens (Agg), 

fimbriae (Fim), pertactin, pertussis toxin (PTx), filamentous haemagglutinin (FHA), 

adenylate cyclase, tracheal cytotoxin (TCT), dermonecrotic toxin (DNT), and 

lipopolysaccharide (LPS) (66).  The two leading candidates, PTx (94, 132)  and pertactin 

(20), appear to have very different mechanisms for conferring protection. Anti-pertactin 

antibodies reduce bacterial load via opsonic activity, which induces bacterial 

phagocytosis by human leukocytes (20, 51), while anti-PTx antibodies may limit PTx-



3 

mediated immunosuppression as they are not only able to mitigate many disease 

symptoms, but even reverse disease in mice (13, 114). 

 

1.1.2 PERTUSSIS TOXIN 

 With its ability to confer protection in acellular vaccines and to induce numerous 

effects upon administration (histamine-sensitization, leukocytosis, insulin secretion), it is 

clear that PTx is an important protective antigen (35, 140, 142). This is further evidenced 

not only by the correlation between high anti-PTx antibody levels and a lower likelihood 

of being infected with pertussis upon exposure (20, 128), but also by the use of high 

single serum titers to PTx as a common diagnostic marker.  Surprisingly, the related 

organisms B. bronchiseptica and B. parapertussis, which cause similar diseases including 

a cough, do not express PTx due to promoter mutations (80). Only infection with B. 

pertussis results in high anti-PTx antibodies and infection with B. parapertussis does not 

preclude infection with B. pertussis, suggesting different key neutralizing features (105).  

Strains of B. pertussis have recently emerged amidst highly vaccinated populations also 

containing promoter mutations. These mutations, however, resulted in not only increased 

PTx production but also increased virulence (89). 

PTx is a 105 kD, AB5 toxin similar to Cholera toxin and E. coli heat labile 

enterotoxin with 5 unique subunits, S1-S5, with 2 copies of S4 and a total of 13 disulfide 

bonds (130).  The 3-D structure has been determined by X-ray crystallography (see 

Figure 1.1) (126).  The B-oligomer (S2-S5) of the toxin contains two binding sites 

whereby it attaches to glycolipids and glycoproteins on many cell types including ciliated 
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epithelium and macrophages resulting in endocytosis of the holotoxin (66, 130).  Upon 

endocytosis, the toxin undergoes retrograde transport from the early/recycling endosomes 

to the Golgi.  It is believed to subsequently traffic to the ER where ATP binds to the B-

oligomer resulting in a destabilization of its interaction with the long hydrophobic tail of 

the enzymatically active S1 subunit (49).  This subunit escapes into the cytosol where it 

ADP-ribosylates Gα of the Gi/Go signaling resulting in transiently high intracellular 

cAMP levels and immunosuppression (8, 63).  In addition to mediating delivery of the S1 

subunit, the B-oligomer has independent adjuvant effects including suppression of Treg 

cells and activation of the IL-1R/TLR4 pathways (19, 138).  While the bacterium only 

colonizes the lungs, the toxin appears to disseminate systemically due to elevated white 

blood cell count and a predominance of lymphocytes thereby affecting the entire immune 

system (54). 

Four different B. pertussis strains have been isolated containing a limited number 

of naturally occurring mutations in PTx mostly in the S1 subunit (see Figure 1.2).  The 

standard lab strain Tohama I or PTx-S1B is commonly used for almost all pertussis 

studies. The remaining three strains include PTx-S1A, PTx-S1D, and PTx-S1E each 

contain 1, 2, or 3 point mutations in the S1 subunit, respectively, in reference to PTx-

S1B.  The most divergent PTx-S1 gene is found in B. bronchiseptica with four amino 

acid mutations (97).  While PTx-S1B and PTx-S1D have been the dominant strains for 

almost 50 years and remain so in underdeveloped non-vaccinating countries, the increase 

in vaccination, especially acellular vaccination, has resulted in a shift in infection towards 

PTx-S1A strains in conjunction with a shift from children to adolescents and adults (87). 
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1.2 PASSIVE ANTIBODY IMMUNIZATION FOR INFECTIOUS DISEASES 

 Passive immunization is the use of antibodies to instantly confer humoral 

protection to infected individuals. This approach has been used to target several diseases 

including anthrax, smallpox, and the plague (17).  It has also been very successful with 

several toxins including botulinum, snake venoms, and diptheria (17).  As far back as 

1890, serum from immunized horses was utilized to neutralize toxins in the treatment of 

Tetanus. This has since been improved to the available human tetanus immune globulin 

Figure 1.1. Crystal structure of PTx holotoxin.  (A) Holotoxin viewed perpendicular 
to the S1 binding to the B-oligomer ring (B) The S1 subunit from the same view as A 
without the B-oligomer ring. (C) The B-oligomer viewed from the S1 subunit 
position.  S1 is yellow; S2 is orange; S3 is green; S4 is blue; S5 is red (126). 
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(TIG) (64). While most successful for toxin-mediated diseases, it has also become 

available for two viral diseases, RSV and CMV (147). 

 

 
Figure 1.2.  Naturally occurring point mutations in PTx-S1.  D-34, M-194, and I-198 
in black; Y-161 in blue; Y148, N150, and H82 in green; and S-162 and S-209 in red 
(24, 46, 88, 126). 

 

1.3 ANTIBODY STRUCTURE AND RECOMBINANT ANTIBODIES 

 Antibodies are produced by B cells and are key players in the body’s immune 

response.  Structurally, they consist of 2 identical light chains and 2 identical heavy 

chains that form a Y shape (see Figure 1.3A).  The branches are the Fab regions which 

contain the CDRs that bind antigen and the trunk is the Fc region which directs the 

activation of complement, promotion of phagocytosis, and antibody dependent cell-

mediated cytotoxicity (ADCC) to name a few.  Of the several types of antibodies, IgG is 

the most prevalent at 75% and has been approved by the FDA for several drugs. 

Several recombinant versions of antibodies have been developed for easier and 

less expensive recombinant growth and manipulation.  These include VL and VH chains, 

scFvs, and scAbs (see Figure 1.3B).  Recombinant antibodies can be produced in several 
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ways including direct cloning from B cells or, via immunization, creating and screening 

hybridoma cells for affinity for a particular target. The mRNA from the cells is used to 

clone/amplify VL and VH chains.  Although high affinity, these non-covalently attached 

domains are too unstable.  A flexible linker is therefore used to fuse the two chains and 

form a scFv.  This mouse scFv can be humanized by grafting the mouse CDRs onto a 

human framework making it less immunogenic in humans (63). The “degree of 

humanness” or likelihood of antigenicity can be assessed by running a Z-score analysis.  

This method compares the humanized antibody with antibodies from various 

chains/classes in both human and mouse and calculates the percentage of sequence 

identity resulting in a Z-score (2).  C-terminal fusion to a huCк domain results in a scAb 

which often exhibits improved production, solubility, and stability (64).   

  

Figure 1.3. Basic and recombinant antibody structures. (A) Basic antibody structure.  
The heavy chains are black; the light chains are blue; the inter-chain disulfide bonds are 
green; and the red squares represent the CDRs.  (B) Common recombinant antibodies (1) 
scFv  (2) scAb.  
 
 

Antibodies, both full-length and recombinant, have two key characteristics, 

specificity and affinity.  Specificity is determined by how many different epitopes they 
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can bind, i.e. the fewer epitopes, the greater specificity.  Affinity is a measurement of 

their ability to bind antigen.  It is modeled by the following equation: 

 

The dissociation constant, Kd, is the ratio of koff, the dissociation rate constant, and kon, 

the association rate constant, and ranges from 10-9 to 10-6 M.  The lower the value, the 

more stable the antibody/antigen complex. While the dissociation constant was formerly 

determined by ELISA or equilibrium dialysis for small molecules, the current standard is 

Surface Plasmon Resonance, SPR, commercialized as a BIAcore.  This technique 

measures affinity by detecting changes in the reflectance properties of an antibody coated 

surface when antigen binds.  Due to its large range of measurable binding constants, it is 

the industrial standard for affinity measurements. 

 

1.4 ANTI-PTx ANTIBODIES  

Antibodies specific to PTx have been analyzed in varying detail revealing four or 

more non-overlapping epitopes (see Table 1.1).  Methods of analysis include 

immunoblot, CHO cell neutralization assay (CC), intracerebral (i.c.) challenge, aerosol 

challenge, and determining isotype, hemagglutination (HA), ADP-ribosyltransferase 

activity (ADP), leukocytosis promotion (LP), islet-activating activity (IA), and anti-

permeability activity (PI).  The most protective anti-B-oligomer antibodies occlude the 

receptor binding site, thereby preventing toxin association with the cell and 

internalization (114).  It has been found that in general, moderate affinity S1 antibodies 
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protect better in vivo than high affinity anti-B-oligomer antibodies, while simultaneous 

administration exhibits synergy (42, 116).  Neutralizing anti-S1 antibodies have been 

used to broadly map a conformational epitope near the ADP-ribosyltransferase catalytic 

center (5, 7, 15, 21, 102). Epitope specificity has been largely inferred from activity 

assays, for instance, in vitro inhibition of ADP-ribosyltransferase activity, but not NAD 

glycosyltransferase activity, was thought to be predictive of CHO cell clustering 

inhibition, suggesting that protective anti-S1 antibodies act by blocking the S1 catalytic 

site (61, 62, 65).  However, the fine details of molecular recognition are critical, as an in 

vivo screen of anti-PTx antibodies with high in vitro anti-ADP ribosylation activity, 

showed that half of the anti-S1 antibodies did not protect in vivo (114).  

Formaldehyde treatment of PTx even at concentrations as low as 0.052% wt/vol 

destroys the neutralizing conformational epitope on the S1 subunit (91, 101).  

Formaldehyde is used to inactivate and stabilize PTx for vaccine production through 

cross-linking reactions of the amino group of N-terminal amino acid residues and the side 

chains of R, C, H, and K (83).  Although detoxified PTx still induces the same amounts 

of anti-PTx antibodies, they have significantly lower levels of toxin-neutralizing 

antibodies resulting in reduced protective activity in mouse i.c. challenge. The genetically 

inactivated PTx mutant (9K/129G) is a suitable alternative in that it is non-toxic but 

highly immunogenic eliciting high levels of neutralizing antibodies and protecting mice 

in i.c. challenge (90). 
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Table 1.1. Characterized anti-PTx mouse monoclonal antibodies. 

Ref Antibody Isotype Immunoblot HA ADP LP IA PI CC i.c. 
challenge 

Aerosol 
Challenge 

(30) P11B10  S2 No  - - - - - - - RP and IAC - S2-3 

(31) P7B10  None  No  - - - - - - - RP and IAC - None 
Conformational  

(113) 1B7 IgG2a S1 Yes  Yes Yes  Yes  Yes  Protective Protective  Protective  ELISA - S1 

(116) 3F10 IgG1 S1 Yes  Yes  No  No  No  No  No  No  ELISA - S1 

(114) 1H2 IgG1 S4 - - - - - - No  No  ELISA - S4 

(116) 9G8 IgG1 S2 No  No  Yes  No  No  Protective dose 
dependent 

dose 
dependent 

ELISA - S2 

 11E6 IgG1 S2, S3 Yes  Yes  Yes  Yes No  Protective Protective Protective ELISA - S2, S3 

(67) X2X5 IgG1 S1 - - No - - - - - Linear 16-26 

 3CX4 IgG1 S1 - - Partial - - - - - Conformational 

 6FX1 IgG1 S2 - - Partial - - - - - Conformational 

(74) PT69 IgG2b S1 - - - - - No  - -  

 PT253 IgG2a S2 - - - - - No  - -  

 PT92 IgG2a S2, S3 - - - - - No  - -  

 PT89 IgG2a S2, S3 - - - - - No  - -  

 PT55 IgG2a S2, S3 - - - - - No  - -  

 PT248 IgG1 S4 - - - - - No  - -  

 PT78 IgG2a S5 - - - - - No  - -  

 PT23 IgG1 S5 - - - - - No  - -  

 PT18N IgG1 S3-S4 - - - - - Protective  - - Conformational 

 PT360N IgG2a S2-S4, S3-S4 - - - - - Protective  - - Conformational 

 PT67N IgG1 S3-S4 - - - - - Protective  - - Conformational 

 PT86N IgG2a S3-S4 - - - - - Protective - - Conformational 

 PT168N IgG2a PTx - - - - - Protective - - Conformational 

(114) E1E IgG1 S1 - Yes Yes Yes - No 
 

dose 
dependent 

dose 
dependent 

 

 E2E IgG1 S1 - Yes No No - No No Not  

 1D7 IgG1 S1 - Yes Yes Yes - Protective Protective  Protective   

 3F11 IgG1 S1 - Yes Yes Yes - Protective Protective  Protective   

 4D10 IgG1 S1 - Yes No No - No No No  

 8G4 IgG1 S1 - Yes Yes Yes - No dose 
dependent 

dose 
dependent 

 

 10D6 IgG1 S1 - Yes Yes Yes - No protective Protective   

 11D9 IgG1 S1 - Yes No No - No No No  

 7E10 IgG1 S3 - No Yes Yes - Protective dose 
dependent 

dose 
dependent 

 

 7G11 IgG1 S3 - No Yes Yes - Protective dose 
dependent 

dose 
dependent 

 

 G9A IgG1 S2, S3 - No Yes Yes - Protective No  dose 
dependent 

 

 10B5 IgG1 S2, S3 - Yes Yes Yes - Protective No Protective   

 10C9 IgG1 S2, S3 - Yes Yes Yes - Protective Protective  Protective   

 6G8 IgG1 S4 - Yes Yes Yes - Protective No  dose 
dependent 

 

 9F3 IgG1 S4 - No No No - No No  No   

(42) A4 IgG S1 Yes - Yes - - Protective  - Protective   

 A12 IgG S1 No - Yes - - Protective  - Protective   

 B9 IgG S3 Yes - Yes - - Protective  - Protective   

(137) E19 IgG1 S1 - - - - - Protective  - -  

 E205 IgG1 S4 - - - - - Protective - -  

 E251 IgG1 S2, S3 - - - - - Protective - - Linear 107-120 on 
S2 
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Given this change in seroresponse in mice upon use of acellular detoxified PTx 

vaccination, multiple studies have analyzed the effects of vaccination v. infection on anti-

PTx IgG antibodies levels and decay rates in pediatric, adolescent, and adult patients. All 

patient population antibody responses displayed biphasic decay with an initial fast decay 

followed by a latent slower decay (23, 41).  Additionally, the magnitudes of the responses 

have large variations in both sample populations with no statistically significant 

difference between infected patients and vaccinees (23)  In contrast, one study conducted 

with young children did find that either whole cell vaccination or infection results in 

higher antibody response levels, indicating that study parameters and patient population 

have a large influence on the experimental outcome (41). 

 

1.5 POTENTY NEUTRALIZING ANTI-PTx ANTIBODY – 1B7 

Of the over 20 anti-PTx monoclonal antibodies studied by Sato, only one anti-

PTx-S1 antibody (1B7) conferred significant survival (25/30) while also reducing the 

number of bacteria and amount of PTx in the lungs and even providing protection when 

administered nine days after infection (114, 116). When compared with either the 

polyclonal of anti-B-oligomer antibodies, 1B7 provided better protection. This high 

affinity mAb appears to be a promising candidate for humanization and possible pertussis 

passive immunotherapy. Interestingly, it was isolated as mouse IgG2a instead of IgG1 

which would have been typical for toxin neutralization. This unexpected isotype may 

have mechanistic relevance or may just be a result of the toxin’s Th1/Th2 bias. 
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Past efforts to characterize the uniquely neutralizing epitope recognized by 1B7 

resulted in several observations.  Using c-terminal truncations (1 to 68, 124, 179, 187, 

and 219), it was shown that residues 188-235 are unnecessary in the binding of 

neutralizing mAbs (7, 67).  N-terminal truncations (3, 5, 7, 10, 15, 17, 27, 41, 69, 110, 

and 140 to 235) identified the first 7 amino acids as also unnecessary, while amino acids 

8-15 and 124-179 appear to be critical for 1B7 binding (7, 15, 22, 67).  In addition, the 

continuity of amino acids 41-72 appears to be necessary for antibody recognition (7). 

Several peptide studies were subsequently undergone with specific peptides (1-17, 

1-18, 41-65, 121-138, 169-186, and 201-235) (5, 21), decapeptides with 8 amino acid 

overlap (102), 15-mer peptides (67) covering the entire PTx-S1 sequence, and phage-

peptide scanning using mAb 1B7 (29).  Using rabbit and human antisera the specific 

peptide studies and overlapping decapeptides resulted in 1-18, 21-30, 121-138, and 169-

186 binding (5, 21, 102). Interestingly, AA 1-17 inhibited ADP-ribosyltranferase activity 

while not inhibiting CHO cell clustering while AA 169-186 had the opposite effect (5).  

However, protective mAbs did not recognize any of the 15-mer peptides covering the 

entire S1-sequence nor any tryptically digested S1 fragments <24 kD (67) while the six 

resultant peptide sequences of the phage-peptide scanning didn’t match more than 3 

residues on PTx-S1 (29), further cementing the conformational characterization of this 

epitope.  In addition, the epitope of most non-neutralizing anti-PTx-S1 mAbs were 

determined to be linear with AA 16-26 (67).  

Given the conclusions of multiple studies that AA 8-15 are important in the 

binding of neutralizing mAbs including 1B7 (5, 7, 15, 21, 22, 102), several point 
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mutations (Y8D, Y8F, R9A, R9H, R9K, D11E, S12G, R13K, R58K, E129G, and S162P 

(7, 15, 76, 97), double mutations (Y8D and R9G, F50E and V51T, Y8L and R9E, R9N 

and S12G, and D11P and P14D) (7, 15), and deletions (Y8 and R9) (76) were studied.  

The point mutations did not show any effect on westerns with 1B7, while the double 

mutations and the deletion of R9 resulted in a loss of binding.  However, most of the 

point mutations studied were conservative substitutions, while the double mutations were 

not. The results of the studies were that a local net positive charge is important for the 

enzymatic activity of these residues while the size of this region is also critical for 

epitope integrity (76).  While this region, the homology box, has been the focus of many 

studies due in part to its similarity to both CTx and HLTx, 1B7 has not been shown to be 

cross reactive with CTx (22). 

Since all of these studies were conducted prior to the crystallization of PTx (126), 

it is unclear whether altered binding is a result of conformational changes or the removal 

of a key interaction. The binding of 1B7 on Western blot suggests that there is definitely 

a strong linear component to the epitope.  However, the lack of binding to any of the 15-

mer peptides seems to negate this idea (67).  Although the six different peptides from 

phage-peptide scanning did not show linear sequence homology with S1 greater than 

three residues, they all contain at least one arginine and 5/6 contain a proline (29). These 

results can be used in conjunction with the crystal structure to determine if they do in fact 

mimic the conformational epitope.  Thus, although much work has been done in this area, 

the epitope still proves to be elusive. 
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1.6 EPITOPE MAPPING TO UNDERSTAND ANTIBODY FUNCTIONALITY 

 High affinity antibodies and their antigens can be used as the starting blocks for 

second generation therapeutics.  Through the determination of interaction between the 

two, the exact CDR residues on the antibody and the minimum molecular structure of the 

antigen can be identified and characterized, which can lead to improved vaccines or 

therapeutics.  In order to identify these residues, the 3-D structure of the antibody and its 

antigen must be determined either through experimental techniques such as 

crystallization or nuclear magnetic resonance (NMR) or through bioinformatic modeling 

programs such as Web Antibody Modeling tool (WAM) or Rosetta Antibody beta 

version, which only model the antibody.  The Rosetta model searches the protein 

database (PDB) of crystal structures to find template matches and then utilizes Lennard-

jones potentials, lazaridis-karplus solvation energy model, rotamer internal energies, and 

H-bonds to predict the antibody structure (123).  The WAM model also finds template 

matches, but identifies the light and heavy chain matches separately and then fits them 

together using conserved interface residues (144). 

Once independent structures are determined for the antigen and antibody, the 

structure of the complex needs to be determined.  Similar experimental techniques, co-

crystallization and small angle x-ray scattering (SAXS), or other predictive modeling 

programs, RosettaDock or ZDock, can be used to find the docked structure.  RosettaDock 

uses a Monte-Carlo rigid-body search and minimization scheme coupled with an energy 

function which includes van der Waals interactions, an implicit solvation model, and 

hydrogen bonds to return ten different models (39, 77).  ZDock, on the other hand, uses 
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Fast Fourier Transforms (FFT) to optimize desolvation, electrostatics, and shape 

complementarity (18). 

Other computational methods can be utilized which predict both linear and 

conformational epitopes on antigens without consideration of their antibody binding 

partner.  These programs have similar limitations including assuming molecule rigidity 

but can handle larger antigens including the holotoxin at 105 kDa.  Discotope and ElliPro 

predict likely B cell epitopes from antigen crystal structures through solvent-accessible 

surface area calculations (45, 100).  They differ in that Discotope focuses on contact 

distances while ElliPro uses structural protrusions and flexibility. Pepsurf is another 

program that also predicts epitopes based upon the antigen crystal structure but 

additionally requires experimentally determined peptide sequences (82). From the crystal 

structure, the program creates a surface graph and subsequently aligns each peptide in 

order to predict patches of residues on the antigen surface that may represent the most 

likely epitope sites.  The predictions from these programs can help guide or support 

experimental epitope predictions, but can not be taken as conclusive on their own. 

The process of experimentally confirming a working docked model can be 

simplified through the use of another Rosetta program, Computational Alanine Scanning 

Mutagenesis, which determines which residues are most likely important in binding in a 

docked model (68, 69).  Each amino acid is changed to a non-polar alanine and the 

resultant ∆∆G of the interface is calculated resulting in a list of significantly destabilizing 

residues. 
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By compiling a list of “important” residues from the ten different docked models, 

the most promising hits can be tested experimentally through alanine PCR point 

mutagenesis.  Once the new protein is expressed and purified, the importance of the 

residue in binding can be determined through ELISA or SPR by comparing with the wt.  

This data can then be used to determine which of the ten docked models is most 

consistent experimentally.  At this point, the model can be used for further alanine point 

mutagenesis to identify more key residues or for epitope mapping. 

 

1.7 IMPROVING PHARMACOKINETICS 

An important aspect of antibody design is controlling the pharmacokinetics. By 

increasing the ½ life of recombinant antibodies, the efficacy is increased and the dose 

requirement is decreased.  The small size of scFvs, 28 kD, and scAbs, 43 kD, results in a 

very short ½ life due largely to renal filtration. One approach to this problem is the 

addition of the Fc chain.  This increases the ½ life in two ways.  First, it increases the size 

of the antibody fragment restricting renal filtration, and second, it results in Fc recycling 

via the neonatal/Brambell receptor. Another approach is the PEGylation of scAbs.  

Taking advantage of the native free cysteine at the end of the к-chain, a disulfide bond 

can be formed between the cysteine and PEG-maleimide thereby increasing the overall 

molecular weight to minimize renal filtration (78).  A third approach to improved half life 

is the expression of the entire IgG, which not only increases size, but also affinity while 

retaining effector functions. 
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Chapter 2: Characterization of a Key Neutralizing Epitope on Pertussis 

Toxin Recognized by Monoclonal Antibody 1B7 

 

2.1 INTRODUCTION 

Whooping cough, a respiratory infection caused by the bacteria Bordetella 

pertussis, remains the third major cause of infant mortality, resulting in nearly 50 million 

cases and 350,000 deaths per year world-wide (66).  In spite of wide-spread vaccination 

since the 1950s, outbreaks continue to occur in industrialized countries, with over 15,000 

probable or confirmed cases in the US during 2005 (109). To control disease, two cellular 

and thirteen acellular vaccines have been tested for safety and immunogenicity in large 

clinical trials. The PTx is a major virulence factor and chemically or genetically 

detoxified PTx is a major component of all acellular vaccine formulations in combination 

with up to four additional virulence factors (58, 60).  These vaccines are highly effective 

at preventing the severe manifestations of the disease, but do not, in general, prevent 

bacterial colonization. Vaccine stimulated immunity declines over time, allowing adults 

and adolescents to present a reservoir for the pathogen (96). As a result, booster vaccines 

were approved for adults and adolescents in 2005 (96) and vaccine research in pertussis 

remains an active area of investigation.  

There is a general consensus that humoral immunity dominates protection against 

Bordetella, but controversy as to which antigens confer protection and the roles of innate 

and cellular immunity. Some reports claim a correlation between vaccine-induced anti-
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PTx IgG levels and subsequent protection against disease (132), while other groups 

observe a stronger correlation with anti-pertactin responses (51). Mechanistically, only 

pertactin-specific antibodies in human immune sera display opsonic activity and induce 

bacterial phagocytosis by human leukocytes (51).  However, a monovalent vaccine 

consisting of only PTx is protective and passively administered anti-Bordetella, anti-PTx 

polyclonal and some anti-PTx monoclonal antibodies are able to mitigate many disease 

symptoms and even reverse disease in mice (13, 14, 60, 114, 132). In humans, titers of 

anti-PTx antibodies rise upon disease onset and are predictive of typical disease (20). 

Administration of human immune sera generated from immunized volunteers shortened 

disease duration and cough rates in a Phase 1 safety trial with hospitalized infants, but a 

larger Phase 3 trial was unable to confirm or refute the benefit, perhaps because the sera 

was not sufficiently enriched in antibodies of appropriate specificity (44). 

PTx is a 105 kDa AB5 toxin structurally similar to cholera and E. coli heat labile 

enterotoxins. The protein mediates bacterial attachment to ciliated epithelial cells and 

exhibits both ADP-ribosylase and NAD glycohydrolase activities. Although not 

expressed in the related pathogens B. bronchiseptica and B. parapertussis due to an 

inactive promoter, PTx is required for the long-term persistence of B. pertussis (139).  

The B-oligomer (S2-S5) of the toxin binds to carbohydrates on many cell types resulting 

in endocytosis and exhibits independent adjuvant effects via ligation of the T cell 

receptor. Upon internalization, the toxin undergoes retrograde transport to the ER where 

the catalytically active A (PTx-S1) subunit is translocated to the eukaryotic cytosol. Here, 

PTx-S1 catalyzes ADP-ribosylation of Gα subunits of Gi/Go signaling complexes (see 
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Figure 2.1). The disrupted inhibitory signaling cascade leads to transiently high 

intracellular cAMP levels and general immunosuppression in neutrophils and 

macrophages. 

 

Figure 2.1. Model of pertussis toxin function.  The 1B7 antibody neutralizes toxin 
catalytic function while the 11E6 antibody competes with the cellular receptor for B-
oligomer binding.  After the toxin binds glycoproteins or glycolipids on the host cell, it 
undergoes receptor-mediated endocytosis and retrograde transport through the 
endosome to the Golgi apparatus and finally the ER.  In the ER, ATP binds to the 
central pore of the B-oligomer, resulting in the release of the S1 subunit which is 
subsequently reduced and exposed to the cytosol (it may remain associated with the 
membrane associated via the hydrophobic tail) (49).  In the cytosol, PTx-S1 ADP-
ribosylates G proteins, disrupting normal signaling and increasing cAMP levels. 

 

In an effort to understand mechanisms of protective immunity in pertussis, large 

numbers of PTx-specific neutralizing murine monoclonal antibodies have been created 

and characterized to varying degrees (65, 67, 117).  After screening a panel of ten 

antibodies with a series of in vitro and in vivo assays (ADP ribosylation, leukocyte 

promotion, islet-activation, permeability-increasing activity, CHO cell clustering, 
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hemagglutination and both aerosol and intracerebral mouse models of infection), the 

monoclonal antibody 1B7 was notably protective in more assays and at lower doses than 

any other characterized antibody preparation, including polyclonal anti-PTx sera (114).  

1B7 was able to protect mice when administered up to nine days after infection, reducing 

bacterial titers in the lungs as well as PTx concentrations and PTx-related effects. Further 

studies determined that mAb 1B7 acts by binding the PTx-S1 subunit with high affinity 

(Kd ~4.2 nM) (91). 

Analysis of monoclonal antibodies binding PTx-S1 has broadly identified a 

conformational neutralizing epitope near the ADP-ribosyltransferase catalytic center (7, 

15, 22, 102). Antibody epitope specificity has been largely inferred from activity assays, 

for instance, in vitro inhibition of ADP-ribosyltransferase activity but not NAD 

glycosyltransferase activity was thought to be predictive of protection in the CHO cell 

clustering assay.  This correlation suggested that protective anti-PTx-S1 antibodies act by 

blocking the PTx-S1 catalytic site (61).  However, the fine details of molecular 

recognition are critical, as a screen of anti-PTx antibodies with high in vitro anti-ADP 

ribosylation activity showed that half did not protect in vivo (114).  The ability of 

monoclonal antibody 1B7 to bind PTx-S1 on Western blot indicates that there is a linear 

component to this highly conformational epitope.  However, experiments using 15-mer 

peptides covering the entire PTx-S1 sequence were unable to identify any peptide 

mimicking PTx-S1 binding to protective monoclonal antibodies (67).  In spite of previous 

efforts with phage displayed peptides, toxin truncation and deletion variants, the precise 

location of this important epitope remains elusive. 
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The 1B7 antibody potently neutralizes PTx and is able to independently 

ameliorate disease in the mouse model. Increased understanding of the mechanism of 

1B7-mediated protection as well as the precise epitope bound by 1B7 may be crucial to 

understanding protective immunity in Bordetella.  As a first step in describing the 

epitope, we have developed a model of the 1B7-S1 interaction, based on extensive 

alanine scanning mutagenesis, a homology model of 1B7 and the crystal structure of PTx 

(126). To facilitate mutagenesis and expression of the binding partners, the 1B7 variable 

regions were reconstructed as recombinant murine (m1B7) and CDR-grafted human 

(hu1B7) single-chain antibodies (scAb); similarly, the S1 subunit  was truncated to amino 

acid residues 1-220 to allow periplasmic expression in E. coli (72).  Molecular-level 

characterization of the neutralizing epitope bound by 1B7 may aid in development of 

passive immunotherapies or improved acellular vaccines. 

 

2.2 MATERIALS AND METHODS 

PTx (holotoxin), the full length PTx-S1 (1-235) protomer, and the B oligomer 

were purchased from List Biological Laboratories, Inc., Campbell, CA. 

 

2.2.1 Antibody and Toxin expression 

The S1 subunit was amplified using oligonucleotide primers which truncated 

PTx-S1 from the amino terminus of the mature, processed protein to the carboxy-terminal 

residue 220, renamed PTx-S1-220 and sub-cloned into the expression vector pAK400 

(71).  The expression vector pMoPac16, a pAK400 derivative with a C-terminal human 
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constant к-domain, was used to express scFvs as scAbs and the residues were numbered 

using the Kabat numbering system (47). Point mutations for both scAbs and the truncated 

toxin S1 subunit were introduced by around the plasmid PCR (52). 

Recombinant proteins were expressed in the bacterial periplasm of E. coli strain 

BL21 followed by osmotic shock and immobilized metal affinity chromatography 

purification was used to produce and purify all recombinant proteins as previously 

reported (48). Size-exclusion chromatography with PBS as eluant was used as a polishing 

step for PTx-S1-220 and m1B7 scAb proteins (Superdex 75 and 200, respectively, GE 

Healthcare, Uppsala, Sweden). Protein L affinity chromatography was used as a second 

purification step for the hu1B7 scAb proteins (immobilized Protein L, Pierce, Rockford, 

IL) using 100 mM Na2HPO4, 150 mM NaCl pH 7.2 during binding and low pH IgG 

elution buffer (Pierce, Rockford, IL) followed by 1 M Tris pH 8.0 to neutralize eluted 

fractions.  Micro-bicinchonoinic acid assay (Pierce, Rockford, IL) was used to measure 

protein concentrations while SDS-PAGE with GelCode Blue stain reagent (Pierce, USA) 

was used to verify protein preparation homogeneity and purity. 

 

2.2.2 Antibody-antigen binding analysis  

High binding enzyme-linked immunosorbent assay (ELISA) plates (Costar) were 

coated with PTx at 1.3 µg/mL or serial dilutions of PTx-S1-220 or its variants and 

incubated at 4˚C overnight.  The plates were then blocked with PBS + 1% milk for an 

hour at room temperature.  After washing 3 times with PBS + 0.05% Tween 20, anti-PTx 

antibody (mAb 1B7, m1B7, hu1B7, or hu1B7 variants), was added either in serial 
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dilution or at 8 µg /mL and allowed to equilibrate at room temperature for one hour.  

After washing an additional three times, peroxidase conjugated anti-human Ck (Sigma) or 

peroxidase conjugated anti-mouse IgG (Sigma) was added for one hour at room 

temperature.  Finally, the plate was washed 3 times and developed with 

tetramethylbenzidine dihydrochloride substrate (Pierce).  The reaction was quenched with 

1 N HCl and read using a SpectraMax M5 (Molecular Devices) at 405 nm.   EC50’s were 

calculated as the concentration at 50% of the maximum response from the linear range of 

a dose-response curve (EC50 =A405,max-A405,min/ 2). The % EC50 values were calculated as 

the ratio of the EC50 wild-type reference to the EC50 variant (EC50-WT/EC50-variant *100%). 

Reported % EC50’s are average values with each experiment being performed at least in 

triplicate and outliers, defined as values greater than three times the median, omitted. 

Antibody stability analysis was performed by incubating duplicate samples of 

scAb variant or 1B7 IgG in PBS at 37, 50, and 4˚C for 24, 2, and 24 hrs, respectively.  

After incubation, the fraction of active antibody remaining was determined by ELISA 

and calculated with reference to untreated sample maintained at 4 °C.  

CHO cell clustering assays were performed by incubating 1039 pg/mL PTX with 

100,000 molar excess scAb protein for ½ hr at room temperature in 96 well tissue culture 

plates. Freshly trypsinized confluent Chinese hamster ovary (CHO) cells were then 

seeded into the plates at a concentration of 105 cells/well.  After 24 h of incubation at 

37˚C, a microscope was used to examine and score the wells based on clustering 

morphology on a scale of 0 to 3 with 0 = no clusters and 3 = all clustered, as described by 

Hewlett et al (56). Final protective molar ratios were reported as the lowest ratio resulting 
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in no clusters. The working concentration of PTx was determined from a preliminary 

toxin concentration series which resulted in scoring of 1 to 3 over the concentration range 

of 65-1039 pg/mL PTx.  In order to observe this same range with protective scAb 

activity, the lowest concentration resulting in complete clustering was chosen along with 

a 100,000x molar ratio of scAb to PTx based upon CHO cell sensitivity to any free PTx. 

Surface plasmon resonance (SPR) analysis was performed using a BIAcore 3000 

instrument (GE Healthcare, Uppsala, Sweden).  CM5 chips (GE Healthcare, Uppsala, 

Sweden) which contain carboxymethylated dextran covalently attached to a gold surface 

were used for all SPR experiments.  After activation using a 50/50 solution of 1-ethyl-3-

(3-dimethylaminopropyl)-carbodiimide hydrochloride and N-hydroxy-succinimide, the 

monoclonal antibody 1B7 was immobilized on the chip surface in 100 mM sodium 

acetate pH 5.0 until 750 response units was obtained at which point the reaction was 

quenched using 1.0 M ethanolamine-HCl at pH 8.5.  Samples of the B-oligomer, PTx, 

PTx-S1, or PTx-S1-220 and variants in HBS buffer pH 7.4 with 3 mM EDTA and 

0.005% Tween at five different concentrations between 50-3500 nM were run in 

duplicate over the chip with a 1 minute injection, a 5 minute dissociation, and a flow rate 

of 50 µL/min.  A 30 second injection of 2 M magnesium chloride at 30 µL/min was used 

to regenerate the surface in between antibody injections.  Baseline correction was 

calculated by subtracting simultaneous runs over a second flow cell which had been 

activated and quenched with no protein immobilized on its surface.  The off-rates were 

calculated using BIAevaluation software (version 3.0) from Pharmacia Biosensor.  Due 

to the low expression levels and varying purity of the PTx-S1-220 variants, the 
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concentration dependent association and dissociation constants, KA and KD, were not 

calculated. Instead, off-rates, which are typically very sensitive to amino acids changes 

and do not depend on precise concentration measurements, were compared.  Reported 

values are the average and standard deviation of all off-rates calculated for each protein. 

Fluorescence measurements were performed on a Molecular Devices SpectraMax 

M5 using 96 well special optics low fluorescence assay plates (Corning).  Measurements 

were made on a 200 µL volume of 0.65 µm filtered samples diluted from stock in PBS.  

Excitation wavelengths of 278 and 295 nm were used for tyrosine and tryptophan, 

respectively.  Emission spectra were recorded every nm from 330 to 460 nm.  The 

emission spectrum for PBS was subtracted as background from all sample spectrums. 

Immunoblotting (western blotting) was performed using samples electrophoresed 

on a 12% SDS-PAGE gel followed by transfer to a nitrocellulose filter using standard 

methods. All toxin samples were loaded at equimolar concentrations except truncated 

PTx-S1 which was loaded at approximately double concentration to compensate for 

impurities and cleavage.  After blocking with 5% PBS-Tween-milk, the membrane was 

incubated with 1B7 monoclonal antibody, m1B7, or hu1B7 with scAbs at double the 

concentration of the monoclonal antibody for 1 ½ hrs.  Secondary antibody, either 

peroxidase conjugated anti-mouse Fc or anti-human Ck (Sigma), was then added for 1 hr 

with washing both before and after addition.  The resulting bound protein bands were 

visualized using SuperSignal West Dura Extended Duration Substrate (Pierce) coupled 

with exposure to X-ray film. 
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Circular dichroism spectra from 300 to 190 nm were recorded on a JASCO-815 

chiro-optical spectrometer at room temperature.  A 1 mm path length quartz cell was used 

to take triplicate readings on 200 µL samples in PBS.   A spectrum of PBS was taken and 

subtracted from each sample spectrum to correct for background.  The average of the 

three spectra for each sample was used for secondary structure analysis using the JASCO 

software. 

 

2.2.3 Computational methods 

Antibody modeling programs: Web Antibody Modeling (WAM), 

http://antibody.bath.ac.uk/, predicts antibody structure from sequence data by finding 

template matches for the light and heavy chains separately and then fitting them together 

using conserved interface residues (144). Rosetta Antibody Beta, 

http://antibody.graylab.jhu.edu/, searches the protein database (PDB) of crystal structures 

to find template matches and then utilizes Lennard-Jones potentials, a Lazaridis-Karplus 

solvation energy model, rotamer internal energies, and H-bonds to predict the antibody 

structure (123).  Z-dock, http://zdock.bu.edu/, is a Fast-Fourier Transform based docking 

program used to generate initial docked models of the antigen, PTx-S1, and antibody, 

hu1B7, from separate structural pdb files (18). Once initial experimental data was 

collected, a pre-docked model was constructed manually, based on prior experimental 

data.  RosettaDock, http://graylab.jhu.edu:8088/, was then used to refine the model by 

optimizing side-chain and rigid-body orientation using a Monte-Carlo coupled with an 

energy function to return ten different models (77).  All probable docked models were 
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submitted for further analysis using Rosetta computational alanine point mutagenesis, 

http://robetta.bakerlab.org/, which replaces each residue with an alanine and computes 

the resulting interface energies (68, 69).  This results in identification of energetically 

important residues at the protein-protein interface for each docked model. Pepsurf, 

http://pepitope.tau.ac.il/index.html, is a computational program that predicts both linear 

and conformational epitope based upon the crystal structure of the antigen and 

experimentally determined peptide sequences (82).  Six peptide sequences determined via 

phage screening of monoclonal antibody 1B7 by the Cortese lab (29) were used in 

conjunction with the crystal structure of PTx (126) to predict the three “best clusters” on 

the toxin surface most likely to contain the desired epitope.  

 

2.3 RESULTS 

2.3.1 Functional characterization of truncated PTx-S1, the B-oligomer, and 

naturally occurring PTx-S1 variants 

To facilitate mutagenesis of the toxin, PTx-S1 from strain Tohama I (variant B) 

was expressed recombinantly in E. coli.  Yields of full length PTx-S1 (amino acids 

residues 1-235) were extremely low due to the presence of a long hydrophobic tail 

anchoring PTx-S1 into the B-oligomer, but a truncated version consisting of amino acid 

residues 1-220 was expressed and purified from the bacterial periplasm (72). Protein 

purity was assessed by size exclusion chromatography and SDS-PAGE. Binding between 

1B7 and the commercially available holotoxin, PTx-S1 (1-235), B-oligomer, and 

recombinant PTx-S1-220 were measured by ELISA and SPR using a BIAcore3000 
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biosensor. PTx-S1 and PTx-S1-220 bound 1B7 with similar kinetics, kd of 1.9 and 1.4 x 

10-3 sec-1, respectively (see Table 2.1 and Figure 2.2). These data indicate that the PTx-S1 

truncation does not affect the affinity of 1B7 for PTx-S1, and therefore the truncated 

PTx-S1 format was used to generate and analyze all subsequent site-directed toxin 

variants. 

Table 2.1. Binding between PTx, its Subunits, and Naturally Occurring Variants to 1B7 
 

 

PTx 

Mutations 

wt Tohama I (PTx-S1B) 

ELISA* 

%EC50 PTx 

m1B7 mAb ~ 1000 RU 

kd x 10
 –3 

(sec
-1

) 
PTx - 100 0.4 +/- 0.6 
B-oligomer - 8 2.7 +/- 0.6 
PTx-S1 235 - 20** 1.9 +/- 0.3 
PTx-S1 220 - 90 +/- 10*** 1.4 +/- 0.1 
PTx-S1A M194I 50 +/- 40 0.71 +/- 0.04 
PTx-S1D D34E, I198V 90 +/- 50 0.95 +/- 0.05 
PTx-S1E D34E, S162P, I198M 80 +/- 30 1.8 +/- 0.5 
PTx-S1 9K/129G R9K, E129G 60 +/- 30 1.6 +/- 0.7 
* All ELISAs were run using hu1B7 as the primary antibody. 
** S1-235 maintained in soluble form in 0.03% CHAPS, 0.1 mM Na2EDTA, and 10 mM 
Tris  
*** Due to low expression, only the purest samples were used for these numbers 
 

A systematic loss of affinity was observed for both the truncated PTx-S1-220 and 

the full length PTx-S1 (off-rates of 1.9 and 1.4 x 10-3 sec-1, respectively), versus the 

holotoxin (off-rate of 0.4 x 10-3 sec-1).  To explain this loss, we first noticed weak binding 

between hu1B7 and the B-oligomer via ELISA (EC50-PTx of 8%). More detailed analysis 

with SPR detected an off-rate of 2.7 x 10-3 sec-1 between purified B-oligomer and 

immobilized monoclonal antibody 1B7 when a high concentration of B-oligomer was 

used (1150-2890 nM).  When the ELISA was repeated using monoclonal antibody 1B7, 

an EC50-PTx of 30% for B-oligomer versus holotoxin was measured. 
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Figure 2.2. Representative BIAcore 3000 (GE Healthcare, Uppsala, 
Sweden) SPR runs on a CM5 chip with mAb 1B7 coupled at ~1000 RU.  
A) PTx holotoxin at 300, 200, 150, 100, and 50 nM; B) PTx-S1 at 200, 
150, 100, and 50 nM; C) PTx-S1-220 at 300, 200, 150, 100, and 50 nM; 
and D) B-oligomer at 2890, 2300, 2000, 1730, and 1150 nM. 

 
 

To address the potential for natural or vaccine-induced epitope drift to result in S1 

variants no longer bound by 1B7, we cloned and expressed truncated PTx-S1 proteins 

(AA 1-220) corresponding to three remaining naturally occurring variants (PTx-S1A, 

PTx-S1D, and PTx-S1E) using site-directed mutagenesis of PTx-S1B. This was also 

performed for the catalytically inactive, genetically detoxified variant (PTx-S1 9K/129G) 

which is promoted for use in acellular vaccines to reduce side effects while retaining 

most adjuvant and protective qualities (97). The B. bronchiseptica PTx-S1 subunit 

containing four mutations (D34E, I198T, S209P, and Y161P) was also constructed, but 
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did not express well enough to include in the analysis (46). Reducing and non-reducing 

SDS-PAGE gels confirmed the correct molecular weight and purity of the naturally 

occurring PTx-S1-220 variants compared with the parent PTx-S1B from the Tohama I 

strain.  Binding analysis of these S1 variants using ELISA and SPR measured mAb 1B7 

off-rates for both PTx-S1E and PTx-S1 9K/129G within error of those measured for PTx-

S1-220 (1.8 and 1.6 x 10-3 sec-1, respectively). Slightly slower off-rates were measured 

for PTx-S1A and D (0.7 and 0.95 x 10-3 sec-1, respectively; see Table 2.1). Thus, the 

neutralizing epitope recognized by 1B7 is conserved across all known PTx-S1 variants, 

including laboratory-generated, catalytically inactive variants.  

 

2.3.2 Functional characterization of 1B7 recombinant antibodies 

Two recombinant versions of mAb 1B7, murine (m1B7) and humanized (hu1B7) 

single-chain Fv antibodies (scAb, a scFv with a C-terminal human kappa constant 

domain), were constructed by RT-PCR, overlap PCR, and CDR grafting as previously 

described (data not shown) (47, 52, 71). This single-gene, single protein format facilitated 

rapid site-directed mutagenesis and expression of the resulting variant proteins. To 

characterize m1B7 and hu1B7 binding behavior, a western blot containing the B-

oligomer, PTx, PTx-S1, and PTx-S1-220 in triplicate was probed with mAb 1B7, m1B7, 

and hu1B7 (see Figure 2.3).  All three constructs bound PTx-S1 from the holotoxin, PTx-

S1, and the truncated PTx-S1-220 with no detectable binding to any of the remaining four 

subunits. The intensity of the bands corresponds with the affinity of the antibody format 

for holotoxin or PTx-S1 (mAb 1B7 > m1B7 > hu1B7). Although hu1B7 exhibits the 
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lowest overall binding affinity, this version expressed much better than m1B7 and was 

used as the parent for site-directed mutagenesis.  

 

Figure 2.3.  Immunoblot analysis of 1B7 antibody constructs.  After electrophoresis of 
23 pmol of the B-oligomer, PTx, and PTx-S1 and 46 pmol of PTx-S1-220 in three 
identical sections on a 12% SDS-PAGE gel, proteins were electrophoretically 
transferred to nitrocellulose paper.  The antibody constructs mAb 1B7 at 2.9 mg, 
m1B7 at 5.9 mg, and hu1B7 and 5.9 mg were used to probe a section each with 
subsequent detection using equivalent amounts of anti-mouse-Fc HRP, anti-human-Ck 
HRP, and anti-human-Ck HRP, respectively. 

 

A CHO cell neutralization assay was conducted to evaluate the ability of the 

antibody constructs to effectively neutralize PTx in an in vitro assay. A prerequisite for 

success in this assay is thermal stability, as antibodies must retain their binding ability for 

at least 24 hours in serum at 37 °C.  To rule out the possibility that hu1B7 scAb variants 

may not protect in the in vitro assay due to poor thermal stability, antibody samples at 37 

µg/ml were heated at 37 °C for 24 hrs and 50 °C for 2 hrs prior to binding analysis. The 

fraction of functional scAb remaining was quantified by ELISA with reference to mock-
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treated samples. All three constructs (mAb 1B7, m1B7 and hu1B7) retained at least 70% 

affinity at assay conditions and less than 40% affinity after exposure to the higher 

temperature (see Table 2.2).  The molar ratio of antibody to toxin required to protect 

CHO cells in vitro corresponded to the relative antibody binding affinities, with m1B7 

requiring a 10-fold and hu1B7 a 30-fold increase in the molar excess of antibody versus 

mAb 1B7. Despite a drop in affinity relative to the mAb 1B7, both m1B7 and hu1B7 not 

only retained the ability to bind purified PTx with high affinity, but also to effectively 

neutralize the toxin in vitro. 

 
Table 2.2. Binding and Neutralizing Activity of 1B7 Variants 
 

 Heat Studies 

%EC50 4˚C 

CHO cell 

Neutralization 
Antibody 37˚C/ 24 hr 50˚C/ 2hr Assay (µg) 
mAb 1B7 100 20 0.09 
M1B7 100 40 3 
Hu1B7 70 10 9 

 

 

2.3.3 Computational and experimental selection of residues for interaction analysis 

To reduce the experimental workload, residues were selected for alanine point 

mutagenesis analysis in conjunction with two computational methods, (1) ZDock (18) 

coupled with Rosetta Computational Mutagenesis Alanine Scanning (68, 69, 77) and (2) 

Pepsurf (82) coupled with previously determined 1B7 phage peptides (29). Due to the 

absence of a crystal structure of either hu1B7 or m1B7, two antibody structure prediction 

algorithms, Rosetta Antibody Beta (123) and Web Antibody Modeling (WAM) (144), 

were used to predict four possible antibody structures.  All the resulting models had 
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random mean square deviations (rmsd) of approximately 1 Å for the overall structure, the 

CDR loops, and a few key residues (L-W91A and H-W33A) except the Rosetta hu1B7 

model.  Due to the similarity of the other three models in addition to the improved 

expression levels of hu1B7, the hu1B7 WAM model was chosen for subsequent docking 

models. The crystal structure of PTx-S1 (126) and a WAM antibody predicted structure 

of hu1B7 were run using method 1, resulting in the prediction of an initial docked model.  

This was then used for in silico alanine point mutagenesis to guide experiments by 

predicting which residues would result in the highest loss of free energy, ∆∆G complex ≥ 

1.0 kcal/mol, for each partner.  Twelve residues on hu1B7 (see Table 2.3) and fourteen 

residues on PTx-S1 (see Table 2.4) were chosen based upon their resulting ∆∆G 

complex, amino acid residues over-represented in protein-protein interactions, and spatial 

proximity to the binding partner. 

Table 2.3: In Silico and Experimental Characterization of hu1B7 and Variants. 
 

   Alanine Scan 
Highest 

 
*CD spec 

 
ELISA 

Heat Studies 
EC50 4˚C 

CHO Cell 
Neutralization 

Antibody  CDR ∆∆G(complex) 
(kcal/mol) 

∆G(partner) 
(kcal/mol) 

%α %β %EC50 hu1B7 37˚C 
24 hr 

50˚C 
2 hr 

Assay 
µg 

Binding 
hu1B7  - - - 34 38 100 70 10 9 
S30A  L1 2.9 0.6 33 49 100 +/- 0 100 2 9 
N53A  L2 1.2 0.4 23 37 390 +/- 30 70 30 9 
S92A  L3 1.2 0.3 31 68 50 +/- 10 100 5 9 
S93A  L3 2.8 1.5 34 28 80 +/- 60 100 20 9 
S31A  H1 0.2 -0.2 25 19 70 +/- 20 100 5 9 
F52A  H2 2 2.9 31 44 120 +/- 50 70 9 9 

Reduced Binding 
F31A  L1 1.8 2.4 28 28 2 +/- 3 60 <1% NP 
H94A  L3 3.1 0.8 27 45 3 +/- 4 90 <1% NP 
S97A  H3 2.5 -0.2 29 19 5 +/- 4 100 30 NP 

Non-Binding 
W91A  L3 2 3.6 27 44 <1% - - NP 
W33A  H1 2 3.5 54 32 <1% 80 <1% NP 
N58A  H2 4.2 0.5 32 23 <1% 90 <1% NP 

*These secondary structure values are typical for scFv-huCк in our hands. NP, no 
protection 
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Method 2 was performed to take advantage of previously identified peptides 

mimicking the PTx-S1 epitope. Pepsurf compared the peptide sequences to the holotoxin 

crystal structure, identifying three potential conformational epitopes on PTx. Only two of 

these predicted epitopes were likely candidates since the third predicted no binding of 

PTx-S1.  The “best cluster” consisted of the following: A74, G78, R79, G80, T81, H83, 

and I152 on PTx-S1 and A40 on PTx-S4.  Two of these predicted residues, T81 and H83, 

were also predicted using the first method.  If the prediction of partial binding to PTx-S4 

is correct, it would explain the reduction in off rates and affinity seen in PTx-S1 versus 

PTx binding. This weak interaction could be below the sensitivity of either western blot 

analysis or SPR or simply non-existent when looking at PTx-S4 alone due to its sole 

stabilizing role in the 1B7/PTx-S1 interaction. Unfortunately, we do not have an 

established expression system for production of PTx-S4 variants and are unable to 

directly test this interaction. The “second cluster” consisted of the following: P3, P4, A5, 

P175, N176, and P177 on PTx-S1.  This “second cluster” is highly unlikely since 

previous studies have determined that the first six residues of PTx-S1 are not involved in 

the binding of monoclonal antibody 1B7 (22). Amino acid residue N176 was chosen in 

order to confirm this hypothesis.  Further analysis using the peptide sequences as linear 

epitopes and comparison with PTx-S1 amino acid sequence resulted in identification of 

one addition cluster containing R39.  Overall, an additional three residues were chosen 

based upon this second method, resulting in a total of seventeen PTx-S1 residues for 

experimental alanine scanning analysis. 
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Table 2.4. In silico and experimental characterization of PTx-S1-220 and variants 
 

 Alanine Scan Average CD spec ELISA m1B7 mAb 

~1000 RU 

PTx  ∆∆G(complex) 

(kcal/mol) 

∆G(partner) 

(kcal/mol) 

%α %β %EC50 PTX kd x 10
-3 

sec
-1

 

Binding 
PTx-S1-220 - - 11 40 90 +/- 10 1.4  +/-  0.1 
R146A 10.9 3.8 12 42 60 +/- 40 1.5 +/- 0.1 
E155A 0.4 0.6 8 44.1 50 +/- 40 1.1 +/- 0.1 
T156A 0.5 2.5 12 41.6 70 +/- 30 1.1 +/- 0.1 
T159A 3.7 2.1 6 49.8 90 +/- 30 1.4 +/- 0.2 
Y161A 6.5 2.3 11 41.1 50 +/- 20 1.3 +/- 0.6 
N176 0.6 -0.4 13 54 50 +/- 20 1.1 +/- 0.1 
E210A 2.2 0.4 17 33.7 70 +/- 40 1.6 +/- 0.2* 
E16A 2.9 -0.3 9 44 20 +/- 10 1.6 +/-  0.1 
T81A 2.8 1.1 9 58 30 +/- 10 1.7 +/- 0.9 
T158A 1.5 1.2 10 42.8 30 +/- 20 1.3 +/- 0.2 
Y166A 4.9 6.8 29 27.2 30 +/- 10 1.4 +/- 0.2 
Reduced Binding 
R39A 1.1 -0.3 15 43 30 +/- 10 3.0 +/- 0.4 
T153A 1.2 1.0 14 39.2 11 +/- 5 2.0 +/- 0.4 
Non-Binding 
R79A 0.8 0.1 9 61 1 +/- 1 25 +/- 4 
H83A 3.3 1.4 12 41 <1% 10 +/- 2 
Y148A 6.6 4.7 9 42 <1% 29 +/- 6 
N150A 2.1 2.2 6 46 <1% 8 +/- 1 

 

2.3.4 Experimental and computational residue analysis 

After point mutagenesis to alanine of each chosen residue, each resulting variant 

was expressed in E. coli and purified on at least three separate occasions. These purified 

variants were first analyzed for a change in affinity toward PTx or WT hu1B7 via ELISA.  

Variants were categorized as either non-binding or reduced binding based upon average 

EC50 cutoffs of less than 1% or less than 40%, respectively.  For WT hu1B7, three 

variants were determined to be non-binding (L-W91A, H-W33A, and H-N58A) and three 
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were determined to be lower binding (L-F31A, L-H94A, and H-S97A).  PTx-S1 had four 

non-binding variants (R79A, H83A, Y148A, and N150A) and six lower binding variants 

(E16A, R39A, T81A, T153A, T158A, and Y166A).   

In order to verify these results, a second assay was performed on each of the 

variant types.  For the hu1B7 variants, heat studies and in vitro CHO cell neutralization 

assays were performed. The heat studies resulted in all variants retaining > 70% affinity 

at assay conditions, except L-F31A which only retained 60% affinity.  The results of the 

CHO cell assay showed that L-W91A, H-W33A, H-N58A, L-H-94A, H-S97A, and L-

F31A offer no protection in vitro, thereby confirming the ELISA results.  SPR analysis 

confirmed that PTx-S1 variants R79A, H83A, Y148A, and N150A have significantly 

reduced affinity for monoclonal antibody 1B7 as seen by their rapid off-rates of 25, 10, 

29, and 8 x 10-3 sec-1, respectively.  Of the previously classified lower binding variants, 

R39A and T153A showed higher off rates than WT PTx-S1-220 at 3.0 and 2.0 x 10-3 sec-

1, while the other four variants, E16A, T81A, T158A, and Y166A, had similar off rates of 

1.6, 1.7, 1.3, and 1.4 x 10-3 sec-1 thereby changing their classification to binding.  The 

computational methods used to guide experimental efforts correctly predicted residues 

with experimental ∆∆G(complex) > 1 kcal/mol with approximately 50% accuracy. The 

experimental results confirm the most likely cluster predicted with Pepsurf as PTx-S1 

residues R79A and H83A were non-binding in all assays.   

Although several variants of both WT hu1B7 and PTx-S1 were identified as non-

binding or reduced binding, this change could be due to indirect structural effects as 

opposed to a reduction in binding energy.  Focusing first on WT hu1B7, three of the 
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identified residues (L-W91, H-W33, and L-H94) are considered structurally relevant in 

the CDR regions of antibodies (9, 24).  The in silico alanine scanning results were then 

re-analyzed focusing on the value of the calculated ∆G (partner), for which a value of 

greater than 1.0 indicates the residue may play a role in stabilizing protein secondary and 

tertiary structure.  This analysis identified residues L-W91, H-W33, and L-F31 as playing 

structural roles.  The final method to determine each residues contribution to proper 

folding was experimental comparison of CD analysis of each variant with WT hu1B7. 

This indicated that experimentally only H-S97A and H-W33A were structurally different 

than the WT.  Based upon these three methods, only H-W33 consistently appears to be 

structurally important.  However, this residue has ~15% solvent accessibility and has 

been shown to form hydrogen and pi bonds with residues across the interface of the 

HEL/FabD44.1 interaction (9). A similar method was used to determine the structural 

importance of the PTx-S1 residues.  ∆G (partner) analysis identified all residues except 

R79 as structural, while CD analysis with comparison to WT PTx-S1-220 indicated only 

N150A and R79 as structurally different.  Due to the results being method dependent, 

only N150 can definitely be classified as a structurally important residue.  This 

conclusion is further cemented by structural analysis of PTx-S1 which shows N150 as 

7% solvent accessible and playing a key role in a β-sheet structure with 5 hydrogen bonds 

with neighboring PTx-S1 residues.  Despite the structural roles of both H-W33 on WT 

hu1B7 and N150 on PTx-S1, the docked model indicates hydrogen bonding of these 

residues with partner residues across the interface.  The model indicates these residues 
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serve dual roles maintaining structural conformation and mediating antigen/antibody 

binding. 

As a final check as to whether the identified tryptophan residues (L-W91 and H-

W33) are located at the complex interface, tryptophan fluorescence measurements were 

collected individually for the two tryptophan deficient variants, L-W91-A and H-W33-A, 

in addition to WT hu1B7 and PTx-S1-220 (see Figure 2.4A).  Comparison of WT hu1B7 

with L-W91-A and H-W33-A shows relative peaks of 60% and 70%, respectively, 

indicative of the decrease in the total number of tryptophan residues.  While L-W91-A 

shows no shift in peak position, a red shift of 3 nm was observed for H-W33-A, 

signifying tryptophan exposure. This shift is most likely due to a conformational change, 

which is expected due to the structural role played by this residue.  Fluorescence 

measurements of WT hu1B7, PTx-S1-220, and the equimolar complex of the two were 

then collected (see Figure 2.4B).  Comparison of the complex with WT hu1B7 and PTx-

S1-220 resulted in blue shifts of 4 and 9 nm, respectively.  This masking of the 

tryptophans (134) confirms their presence in the binding interface between WT hu1B7 

and PTx-S1-220.  
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Figure 2.4. Tryptophan fluorescence spectra of hu1B7 (□), L-W91A (a), H-W33A (x), PTx-
S1-220 (∆), and the hu1B7/PTx-S1-220 complex (♦) in PBS.  A) hu1B7, L-W91A, and H-
W33A comparison at 4.5 µM at room temperature. Lines indicate spectral peaks at 352 nm, 
352 nm, and 355 nm, respectively. B) hu1B7, PTx-S1-220, and the hu1B7/PTx-S1-220 
complex at a 1:1 molar ratio comparison at 4.5 µM at room temperature. Lines indicate 
spectral peaks at 357 nm, 362 nm, and 353 nm, respectively.  
 

2.3.5 Development and prediction of best fit model of interaction 

With these twelve “key binding residues” in mind, as well as the requirements for 

geometric and electrostatic complementarity to allow binding, WT hu1B7 was manually 

docked onto PTx-S1 using the molecular viewing programs Swiss PDB Viewer and 

Pymol to provide a starting complex for computational refinement.  The resulting 

complex was submitted for computational docking using RosettaDock, which is able 

manipulate the two docked partners +/- 3 Å toward or away from each other, 8 Å along 

each other’s surface, 8 Å of tilt, and 360˚ around the center axis between the two (77). Of 

the resulting models, the one which best fit the experimental data, predicting interactions 

of five of the six PTx-S1 residues and also five of the six WT hu1B7 residues, was 

selected (see Figure 2.5).  The model predicts hydrogen bonding between N150 and the 

backbone oxygen of L-W91, H-N58 and the backbone oxygen of H83, N150 and the 
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backbone oxygen of L-S92, and T153 and the backbone oxygen of L-S92.  It also 

predicts hydrogen bonding between several residues determined to be unimportant for 

binding:  E16, R146, L-S92, and L-S93.  Although Y148 does not form any predicted 

hydrogen bonds, it has a large solvation energy effect of 0.14 kcal/mol, indicating solvent 

interaction. Looking at the residue side chains, nearly half are aromatic residues with two 

tryptophans, two histidines, and one tyrosine.  Since aromatic clusters are common at 

protein-protein binding interfaces, comprising ~30% of energetically important residues 

(24), the binding chemistry may involve π-bonding or stacking between the two 

tryptophans on the antibody and the histidine on PTx-S1. Changes in either salt or pH 

conditions did not significantly affect binding (data not shown), consistent with a binding 

interface dominated by hydrophobic interactions. 

Figure 2.5. The 1B7-PTx best fit interaction model generated by RosettaDock using the 
crystal structure of PTx and the WAM predicted structure of hu1B7. S1 is green; B-
oligomer is teal; the heavy chain is red; and the light chain is purple. Experimentally 
determined important interacting residues on both PTx-S1 and hu1B7 are shown.  Black 
are interacting residues on hu1B7 and blue are interacting residues on PTx-S1. 
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As a final check on the probability of the proposed model, the change in Gibbs 

free energy for the 1B7/PTx-S1 complex was calculated from experimental equilibrium 

affinity using the change in Gibbs free energy equation as follows (Eqn 1): 

∑
=

∆∆=−=∆
n

i

ieq GKRTG
1

)ln(  
Eqn 1 

Using the known Kd of 5 nM, the gas constant (R) of 1.987 cal/mol, and 277 K for 

temperature (T), the ∆G of the complex was calculated to be 10.5 kcal/mol.  In the 

absence of non-additive co-operative effects (146), this value should also equal the sum 

of the ∆∆G for each binding residue of the complex, with any deviation between these 

values indicating one or more binding residues have been omitted. In silico 

computational alanine scanning of the hu1B7-Ptx-S1 complex results in a (∆∆G)sum of 

10.5 kcal/mol, very similar to the predicted ∆G and in the predicted range for antibody-

antigen complexes (∆G = 10.9 – 12.3 kcal/mol for Kd’s from 10 – 1 nM). This 

correspondence indicates that a majority of interacting residues have likely been 

identified. 

 

2.4 DISCUSSION 

As the B. pertussis organism has not been detected in the blood of patients, it has 

been suggested that the systemic manifestations are due to toxin release and 

dissemination. Pittman famously hypothesized that symptoms are mediated primarily by 

pertussis toxin (PTx), a theory which, 30 years later, remains to be proven. It is clear that 

PTx is a major antigen, as transposon-insertion mutants of B. pertussis manifest greatly 
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reduced virulence in mice (143) and administration of purified toxin induces numerous 

effects associated with infection such as histamine-sensitization, leukocytosis, and insulin 

secretion. In terms of protection, it has been difficult to demonstrate a definitive 

correlation between a humoral response to any antigen and protection against disease 

although qualitatively high levels of antibody to PTx are associated with a lower 

likelihood of developing clinical disease upon exposure to pertussis. (20, 128)  

After immunization with PTx, antibodies recognizing the S1 subunit are 

recovered at high frequency (117), indicating this subunit as a whole is strongly 

immunogenic. Analysis of monoclonal antibodies binding PTx have documented the 

presence of at least four non-overlapping epitopes on the PTx holotoxin; monoclonal 

antibodies binding two of these (on the S1 and S2/3 subunits) have been shown to be 

protective in mouse models (65, 67, 117). Sato et al performed a detailed comparison of 

10 anti-PTx-S1 antibodies, polyclonal anti-PTx sera, and 10 anti-B-oligomer antibodies 

in the mouse aerosol model (114). Remarkably, only the 1B7 antibody conferred 

significant survival when administered between zero and nine days after infection while 

also reducing the number of bacteria and amount of PTx in the lungs (114). This anti-

PTx-S1 antibody may protect by binding an epitope which prevents substrate access to 

the catalytic cleft or restricts unfolding of the S1-subunit necessary for translocation to 

the cytoplasm, while non-protective anti-PTx-S1 antibodies bind a separate epitope and 

do not interfere with PTx-S1 function (see Figure 2.1). The infrequent recovery of 

antibodies displaying 1B7-like neutralizing activities suggests that (1) the antibody or the 
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epitope recognized possess unique protective qualities and (2) that the epitope is poorly 

immunogenic.  

 

2.4.1 Location of the neutralizing epitope on PTx recognized by monoclonal 

antibody 1B7 

Prior efforts to characterize the conformational epitope on PTx-S1 bound by 1B7 

using truncations, deletions, and peptide fragments identified two linear sub-epitopes 

involved in the binding (AA 8-14 and 124-186) (7, 15). These appeared to be 

independent linear sub-epitopes as mutations in either region was associated with loss of 

binding on a Western blot. Since 1B7 inhibits toxin-mediated ADP ribosylation of G 

proteins in vitro, early reports suggested the antibody may directly and predominately 

interact with the catalytic residues located in the linear region between AA 8-14 which 

shows homology with both cholera toxin and E. coli heat labile toxin.  The PTx holotoxin 

structure, published subsequently (126), revealed that residues 9-13 are mostly buried 

(≤13% solvent accessible), making it unlikely that antibodies could interact directly with 

these in a properly folded protein.  However, Western blot analysis showed that 1B7 was 

unable to bind Y8A and had a reduced ability to bind R13A (see Table 2.5).  The 

relevance of this linear interaction is unclear since 15-mer PTx-S1 peptides capable of 

recapitulating this linear binding site could not be identified (67). Furthermore, antibody 

conformational epitope prediction programs including ElliPro, Discotope, and Pepsurf 

did not predict binding residues in this region. 
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Table 2.5. Binding Analysis of PTx-S1-220 Variants 

 

PTx 

ELISA 

%EC50 PTx 

Western Blot 

mAb 1B7 
PTx-S1-220 90 +/- 10 +++ 
9K/129G 60 +/- 30 +++ 
Y8A <1% - 
R9A 9 +++ 
Y10A 5 + 
D11A 7 + 
S12A 20 ++ 
R13A 8 +/- 
E16A 20 +/- 10 ++ 
R79A 1 +/- 1 +/- 
T81A 30 +/- 10 +++ 
H83A <1% + 
Y148A <1% - 
N150A <1% +/- 
T153A 11 +/- 5 ++ 

 

Using a combination of experimental and computational techniques, the PTx 

holotoxin structure and prior data, we have developed a model of the interaction between 

PTx and the neutralizing antibody 1B7.  Using primarily CDR loops L3 and H3, 1B7 

binds the base of PTx-S1, possibly engaging in weak interactions with the S4 subunit (see 

Figure 2.5).  This region of PTx-S1 appears readily accessible to antibodies and is fairly 

flat, consisting of three anti-parallel β-sheets and two different turns: one between the 

aforementioned β-sheets and another prior to an α-helix. The energetically important 

PTx-S1 residues, assessed by alanine scanning mutagenesis, are R79, H83, N150, and 

Y148.  Chemically, the surface is mostly hydrophobic with one arginine, nine hydrogen 

bonds, and a solvent-accessible area of ~1000 Å2, typical for antibody-antigen 

interactions.  Interestingly, both the model and data support a weak stabilizing interaction 
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with the S4 subunit of the B-oligomer involving a separate turn between β-sheets. 

Although only S4 residue A40 was suggested by Pepsurf, due to their close proximity, 

residues S42 and S43 may also be involved in this interaction.  Overall, this is a 

conformational epitope which includes a short linear sequence (Y148 to N150 along a β-

sheet strand), consistent with 1B7’s ability to bind reduced and denatured PTx-S1 on a 

Western blot. This is consistent with a linear sub-epitope between AA124-186. Binding 

of monoclonal antibody 1B7 to the PTx-S1-220 variants, N150A and Y148A, was not 

detected in ELISA with up to 1.6 µM antibody.  Similarly, 1B7 monoclonal antibody had 

greatly reduced ability to bind N150A and no ability to bind Y148A on a Western blot 

using very sensitive chemiluminescence detection (see Table 2.5). 

Involvement of the B-oligomer in this protective epitope is indicated by the 

marked reduction in mAb 1B7 binding to PTx holotoxin (kd of 0.4 +/- 0.6 x 103 sec-1) 

versus PTx-S1 (kd of 1.9 +/- 0.3 x 103 sec-1). This reduction in binding affinity is 

observed with both the commercially prepared S1-235 and the recombinant, truncated 

S1-220, indicating it is not an artifact of the recombinant version (see Table 2.1).  

Interestingly, although both ELISA and SPR analysis measured a weak interaction 

between the B-oligomer and mAb 1B7 (see Figure 2.6), no recognition of the B-oligomer 

was detected by chemiluminescent Western (see Figure 2.3).  There are three possibilities 

to explain this result: (1) 1B7 recognizes a separate conformational epitope on the B-

oligomer at significantly lower affinity than PTx-S1; (2) 1B7 recognizes a single epitope 

dominated by PTx-S1 but supplemented by a weak B-oligomer interaction; (3) PTx-S1 is 

stabilized by its interaction with the B-oligomer resulting in reduced entropic costs of 
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1B7 binding.  The model is consistent with the latter two possibilities but we were unable 

to directly test these hypotheses due to difficulties in recombinant expression of S4 and 

reconstitution of holotoxin with PTx-S1 variants.  If 1B7 does interact with both the S1 

and S4 subunits, this may explain both the low frequency at which 1B7-like antibodies 

are recovered, since the antibody would need to span the A-B subunit interface. 

Moreover, it suggests a mechanism of protection: 1B7 may act as a molecular staple 

linking PTx-S1 to the B-oligomer, slowing PTx-S1 unfolding and dissociation from the 

B-oligomer in the ER, reducing the ability of PTx-S1 to escape to the cytosol and 

perform catalysis. Validation of this model by co-crystallization of 1B7 with PTx is on-

going to provide direct experimental evidence of the 1B7 binding site. 
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Figure 2.6. ELISA of PTx in red and B-oligomer in blue with primary antibody 
of 1B7 (▲), 11E6 (x), or the negative control, c-myc, representing non-specific 
antibody binding (no symbol). 
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2.4.2 CONTRIBUTION OF MAB 1B7 TO PTX RECOGNITION  

Although previous studies have focused on the 1B7 epitope on PTx-S1, the 

antibody itself may possess unique qualities which result in effective neutralization. In 

addition to blocking toxin catalysis, 1B7 binding may, for instance, slow toxin unfolding 

necessary for escape from the ER into the cytoplasm (see Figure 2.1). To understand the 

antibody’s role in binding and to aid in creating a docked model of the interaction, twelve 

hu1B7 residues predicted to contribute significantly to the energetics of binding were 

individually altered to alanine. These experiments identified six key residues required for 

high-affinity binding to S1, L: F31, H94, W91 and H: S97, W33 and N58. These six 

residues are equally distributed over the heavy and light chains, with a slight bias towards 

CDR L3. Of the CDRs, only L2 contains no key residues and does not appear to 

contribute significantly to the interaction. This is consistent with most antibody-antigen 

contacts wherein CDR-L2 only has the least involvement of all the CDR loops with 

contacting residues only 42% of the time (www.bioinf.org.uk). Of the six key residues, 

H-W33, L-W91, H-S97 and L-H94 are common interacting residues with contacts in over 

70% of complexes.  The other two residues, L-F31 and H-N58, are less common at 15 

and 38% respectively.  However, L-F31 mutation to alanine only resulted in reduced 

binding and is thus not thought to be a large contributor to the interaction.  Overall, the 

residues chosen on 1B7 for analysis using RosettaDock and ZDock were correctly 

predicted in 50% of the cases. Based on these results, further optimization of 1B7 binding 

could be achieved by targeted mutagenesis of CDRs L3 and H3, which often dominate 

binding in antibody complexes.   
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2.4.3 Epitope conservation across naturally occurring and engineered strains 

A consequence of broad vaccination programs is the potential to select for escape 

variants of the major virulence factors, which may be accelerated by the use of acellular 

vaccines. Detailed genotyping of strains, primarily in the Netherlands, has aimed to track 

naturally occurring and vaccine-induced variation in pertussis antigens (88). The 

naturally occurring mutations in these strains (PTx-S1A, PTx-S1D, and PTx-S1E) are 

mainly found in the S1 subunit with each variant containing up to three amino acid 

substitutions with respect to PTx-S1B (Tohama-I) (79). The most divergent PTx-S1 gene 

is found in B. bronchiseptica with four amino acid mutations but is not expressed due to 

promoter mutations (46, 88).  

Given this modest level of natural variation, a key question is whether variation 

impacts the 1B7 epitope, and if so, whether 1B7 bind these variants with the same 

affinity.  After expression and purification of truncated versions (1-220) of three of the 

four naturally occurring strain variants, it was found that PTx-S1E is bound by 1B7 with 

identical (within error) off-rates versus WT PTx-S1-220 (see Table 2.1).  However, 1B7 

had approximately a two-fold decrease in off-rates with respect to PTx-S1A and PTx-

S1D, indicating an increase in affinity. A second question is whether the catalytically 

inactive PTx-S1 variant used in some acellular vaccines (containing amino acid 

substitutions R9K and E129G) will also be recognized by 1B7.  1B7 binds this PTx-S1 

variant with identical affinity as WT (within error), suggesting that acellular vaccines 

containing the R9K, E129G variant will be able to elicit 1B7-like protective antibodies. 

The value of the 1B7 epitope as a target for passive immunization and a potential 
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correlate of protective immunity will depend both on its ability to elicit neutralizing 1B7-

like antibodies and conservation within the pool of circulating clinical strains. The ability 

of hu1B7 to bind existing PTx-S1 variants indicates that the epitope recognized by 1B7 is 

conserved in the presence of natural antigenic drift. 

2.4.4 MECHANISM OF PTX NEUTRALIZATION BY MAB 1B7 

When originally characterized, the 1B7 monoclonal antibody was thought to 

protect against toxin effects by blocking catalysis, either by directly associating with 

catalytic residues or blocking substrate access to these residues. However, several other 

monoclonal antibodies have been characterized which block ADP ribosylation in vitro 

but are not neutralizing in vivo (117). Furthermore, the mechanism of toxin cellular 

binding and internalization has been characterized in detail and it is not clear whether an 

antibody would remain associated with PTx-S1 during retrograde transport - in the low 

pH of the endosome, the reducing environment of the ER, or during translocation into the 

cytoplasm (see Figure 2.1).  The fact that 1B7 can bind reduced and unfolded PTx-S1 on 

a Western blot and under the cytoplasmic conditions replicated during in vitro ADP 

ribosylation assays suggests that it could block catalysis in the cytoplasm if present in 

that compartment, but 1B7 ligation may protect by altering PTx trafficking within the 

cell.   

Burns and colleagues (46) demonstrated that PTx is transiently expressed on the 

bacterial cell surface during secretion and B. pertussis knock-out mutants have shown 

that along with FHA, PTx is necessary and sufficient for bacterial adherence. Thus, 1B7 
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may bind whole bacteria, blocking bacterial adhesion to respiratory epithelial cells or 

potentially mediating effector functions. 1B7 was isolated as a murine IgG2a antibody, an 

isotype able to opsonize bacteria and fix complement, while murine IgG1 isotypes are 

more commonly associated with toxin neutralization or blocking bacterial adherence. It is 

not clear if the isotype has mechanistic relevance or is a result of the Th1/ Th2 bias 

induced by the toxin itself. F(ab’)2 fragments of anti-PTx antibodies (116) and Fab 

fragments of 1B7 displayed identical in vitro CHO clustering effects as the parental 

monoclonal antibody.  While the requirement for an Fc has not been directly tested in 

vivo, anti-PTx antibodies in human immune sera do not display opsonic activity or induce 

phagocytosis by human leukocytes (20, 51).  Similar to other toxin-mediated diseases, 

such as botulinum and anthrax (81), toxin neutralization may not require Fc-mediated 

effector functions, but remains an intriguing area of future investigation.   

 

2.5 CONCLUSION 

We have identified a uniquely neutralizing epitope on PTx using PTx-S1 variants 

and humanized scAb versions of the 1B7 monoclonal antibody. This epitope is adjacent 

to but does not include the catalytically active residues on PTx-S1 and spans the junction 

between the S1 and S4 subunits.  This model suggests a mechanism of 1B7 antibody 

protection: antibody ligation may anchor the catalytically active S1 subunit to the B-

oligomer, thereby preventing PTx-S1 dissociation and subsequent transport into the 

cytosol, where PTx-S1 disrupts G-protein signaling. Confirmation of this model awaits 

additional co-crystallization and cellular experiments of antibody-toxin complex 
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trafficking within the cell. Notably, numerous anti-PTx-S1 antibodies have been 

produced with the ability to neutralize in vitro ADP-ribosylation activity, but most 

perform poorly in in vivo mouse models of disease. Thus we propose that the molecular 

details of epitope recognition are critical in discriminating between antibodies capable of 

in vitro versus in vivo protection and that this epitope is a unique target to exploit for 

passive immunotherapy and acellular vaccine design.  Moreover, it suggests that the 

search for immune correlates in pertussis may require careful examination of serum 

responses to specific epitopes, not just individual virulence factors (61, 102).    
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Chapter 3: Antibody-Mediated Protection against Pertussis Toxin 

through Redirection of Intracellular Trafficking  

 

3.1 INTRODUCTION 

Pertussis is a growing problem in industrialized countries with a 500% increase in 

reported cases in the US alone from 1995 – 2005 (1).  Vaccination while able to protect 

children and prevent severe manifestations of the disease has been ineffective at 

eradication.  In fact, the general wane in immunity post-vaccination has resulted in a 

change in disease demographics with adults and adolescents now predominantly 

constituting the carrier population (96, 121).  Although the disease is typically only 

manifested as sub-clinical infection in this group, it is easily spread from them to more 

susceptible groups including infants, elderly, and immunocompromised individuals who 

are then left with only supportive care, since antibiotics are ineffective past the catarrhal 

stage (92, 131). 

Part of the difficulty in treating or vaccinating against pertussis is the fact that of 

the several virulence factors associated with the bacteria there are no clear correlates of 

protection.  Pertussis toxin (PTx) has been shown to be a major protective antigen as it is 

not only included in all acellular vaccines but is also used as a marker in serological 

diagnosis of the disease (36).  It is an AB type toxin which includes cholera toxin (CT), 

ricin, shiga toxin (ST), shiga-like toxins (SLT), heat labile enterotoxin (LT), and 

pseudomonas aeruginosa exotoxin A (ExoA).  These toxins consist of a catalytically 
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active A subunit attached to a receptor binding B subunit or oligomer.  Upon binding to 

cell surface receptors, they undergo receptor mediated endocytosis followed by 

retrograde transport to the Golgi and the ER.  Here the disulfide bond either attaching the 

A and B subunits (ricin and ExoA) or an internal disulfide bond within the A subunit (CT 

in the Golgi, ST, and SLT) is reduced resulting in the release of the A subunit and its 

subsequent escape into the cytosol (50, 75, 125).  PTx has been shown to follow this 

same retrograde pathway with the release of its A subunit hypothesized to occur upon 

ATP binding to the pore of the B-subunit while in the ER (49). The exact mechanisms of 

PTx trafficking to the ER and escape into the cytosol is yet to be determined.   

Due to its high immunogenicity and clear role as a major protective antigen, 

several anti-PTx antibodies have been generated and characterized.  Serum from 

vaccinated adult volunteers was pooled and used for passive immunization studies which 

resulted in a reduction in the length and severity of the cough in Phase I trials.  However, 

it proved inconclusive in further Phase III trials with human infants (12, 13, 38). This is 

because most antibodies elicited upon vaccination with PTx recognize non-neutralizing 

epitopes.  Through extensive mouse studies, rare highly neutralizing antibodies such as 

1B7 and 11E6 have been isolated and extensively characterized resulting in the 

identification of four major neutralizing epitopes on the toxin.  Antibodies recognizing 

these epitopes either block the binding of the B-oligomer to the cell surface receptors or 

block catalysis through a yet undefined mechanism.   

Of these rare antibodies, 1B7 has been shown to be potently neutralizing as it 

alone was able to not only protect mice from disease, but also reverse it after nine days of 
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infection (113).  Its mechanism was originally thought to consist in the prevention of 

ADP-ribosylation by blocking substrate access to the catalytic site (15, 22, 61). However, 

now that more is known about the retrograde transport mechanism and how the catalytic 

activity occurs in the highly reductive and proteolytic cytosol, it is clear that the antibody 

cannot directly impact catalysis and/or substrate access to the catalytic site. Detailed 

epitope mapping has characterized this unique epitope to lie on the S1 and S4 subunit 

interface primarily on the S1 or A-subunit (129).  This suggests a type of stapling 

mechanism whereby the A-subunit would be unable to separate from the B-oligomer 

which we are testing in this work. 

Because 1B7 is potently neutralizing, has a high potential for passive 

immunization or therapeutic use, and recognizes a unique epitope that is destroyed upon 

the toxoiding process in vaccine development (Sutherland & Maynard, in prep), we 

sought to understand the molecular mechanism by which 1B7 protects against 

intoxication.  Using immunofluorescence microscopy to track PTx intracellular transport 

in the absence and presence of the mAb 1B7, we observed that 1B7 redirects PTx 

transport either through the prevention of toxin dissociation and thus the release of the S1 

subunit into the cytosol or through blocking PTx signaling for retrograde trafficking 

thereby preventing endocytosis or trapping it in the early/recycling endosomes or the late 

endosomes/lysosomes.  

 

3.2 MATERIALS AND METHODS 
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3.2.1 Antigens and Antibodies 

PTx (holotoxin) in glycerol was purchased from List Biological Laboratories, Inc. 

(Campbell, CA).  The plasmids encoding a soluble, truncated version of the PTx S1 

subunit, PTx-S1-220, and the humanized scAb of the murine monoclonal antibody 1B7 

along with their subsequent expression and purification have been described in detail 

previously (129). Murine hybridoma cells producing the IgG2a antibody 1B7 or the IgG1 

antibody 11E6 (114) were grown in T-flasks in Hybridoma-SFM serum-free media at 

37˚C with 5% CO2 until cell death (~1-2 months). After centrifugation at 3 krpm for 20 

minutes, the supernatant was filter sterilized using a 0.45 µm filter and loaded directly 

onto a pre-equilibrated Protein-G column (GE Healthcare) with running buffer (20 mM 

sodium phosphate, pH 7.0).  The mAb was eluted using low pH IgG elution buffer 

(Pierce, Rockford, IL) into collection tubes containing 1 M Tris pH 8.0 for neutralization. 

Protein concentrations were measured with micro-bicinchonoinic acid assay (Pierce, 

Rockford, IL), while SDS-PAGE stained with GelCode Blue (Pierce, Rockford, IL) 

verified protein preparation homogeneity and purity. 

 

3.2.2 Haptoglobin ELISA 

This method was adapted from Antoine, 1990 (4).  High binding ELISA plates 

(Costar) were coated with 50 µL/well of haptoglobin (ProSpec, Rehovot, Israel) at 2 

µg/mL in 0.1 M NaHCO3 buffer, pH 9.6.  All plated volumes were 50 µL/well unless 

otherwise indicated.  Plates were washed three times in wash buffer (phosphate buffered 

saline (PBS), pH 7.4 + 0.05% Tween-20) after each incubation.  After overnight 
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incubation at 4˚C, the plates were blocked with 200 µL/well blocking buffer (PBS + 5% 

Tween-20 + 4% BSA + 4% FBS) at room temperature for 6 hours. Meanwhile, 5 µg/well 

of antibody (1B7, 11E6, or c-myc control) was combined with PTx at 2 µg/mL in 

blocking buffer with no FBS and allowed to equilibrate at 37˚C for 1 hour. Pre-incubated 

complex was then added to each well and incubated at 4˚C overnight. Anti-mouse-IgG-

Biotin (MP Biomedicals, Solon, OH) was added as the secondary at a 1/500 dilution in 

wash buffer and incubated at 37˚C for 1 ½ hrs.  Streptavidin-HRP (Pierce, Rockford, IL) 

was added at a 1/8000 dilution in blocking buffer and incubated at 37˚C for ½ hr. The 

plate was developed by adding 50 µL/well of developing buffer (0.1 M citrate buffer, pH 

4.5; 0.4 mg/mL O-phenylenediamine dihydrochloride (Sigma-Aldrich, St. Louis, MO); 

and 1 µL/mL hydrogen peroxide) and incubating at room temperature in the dark for ~5 

min. The reaction was quenched with 50 µL/well of 3 N HCl, and the plate read using a 

SoftMax Pro v5 (Molecular Devices, Sunnyvale, CA) at 492 nm. 

 

3.2.3 pH/Temperature Effects 

PTx-S1-220 was reduced with 20 mM DTT at 37˚C for 30 min. Subsequent di-

sulfide bond formation was prevented by the addition 100 mM iodoacetamide for 30 min 

at room temperature. High binding ELISA plates were coated with PTx-S1-220 or 

reduced PTx-S1-220 at 35 µg/mL and subsequently serially diluted 1: √10 down the 

column in PBS. All plated volumes were 50 µL/well unless otherwise indicated.  After 

overnight incubation at 4˚C, the plates were blocked with 200 µL/well blocking buffer 

(PBS + 5% milk) at room temperature for 1 hour.  After washing three times with PBS 
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containing 0.05% Tween-20, 50 µL/well of hu1B7 was added at 5 µg/mL in various pH 

buffers also containing 5% milk and titrated to the desired pH using HCl (50 mM Tris-

HCl pH 7.2; 20 mM Bis-Tris pH 7.0, 6.5, and 6.0; 20 mM L-histidine pH 5.5 and 5.0).  

The plate was incubated at 4, 25, 37, 42 or 55˚C for 1 hour. After washing an additional 

three times, peroxidase conjugated anti-mouse IgG (Sigma-Aldrich, St. Louis, MO) was 

added at a 1:2500 dilution in blocking buffer, and the plates were incubated again at room 

temperature for 1 hour. After a final three washes, the plates were developed with 

tetramethylbenzidine dihydrochloride substrate (Pierce, Rockford, IL).  The reaction was 

quenched with 1 N HCl and read using a SoftMax Pro v5 (Molecular Devices, 

Sunnyvale, CA) at 405 nm.  The same software was used to calculate IC50’s using a 4 

parameter logistic (4PL) model for each individual curve (104). 

 

3.2.4 ATP, NAD, and PDI Effects 

Indirect ELISAs were run as above with the following exceptions. Plates were 

coated with 2.0 µg/mL PTx in PBS, pH 7.4. After blocking, samples were added in two 

steps.  In the first step, ATP at 0.5 mM or NAD at 7.5 µM was added to the wells in 1:2 

serial dilutions while mAb 1B7 was added at a constant concentration of 0.5 µg/well in 

blocking buffer.  Plates were incubated at 37˚C for 1 hr.  Then mAb 1B7 at 0.5 µg/well 

was added to the wells previously incubated with ATP or NAD and ATP at 0.5 mM or 

NAD at 7.5 µM was added in 1:2 serial dilutions to the wells previously incubated with 

mAb 1B7.  The plates were once again incubated at 37˚C for 1 hr. 
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3.2.5 Fluorescent labeling and anisotropy 

PTx-S1-220 was buffer exchanged into 50 mM borate buffer, pH 8.5 at 2 mg/mL.  

FITC (Pierce, Rockford, IL) was dissolved in 50 µL DMSO for a final concentration of 

10 mg/mL and added at 20-fold molar excess to the buffer exchanged PTx-S1-220.  After 

and 1 incubation in the dark with stirring at room temperature, the labeled protein was 

separated by centrifugation with a pre-PBS equilibrated Micro-Bio-Spin 30 (Bio-RAD, 

Hercules, CA).  Fluorescent anisotropy measurements were taken at 0.2 µM in the same 

buffers used for pH/temperature studies (pH 5.5, 6.0, 6.5, and 7.2) using the Envision 

Microplate Reader (PerkinWelmer, Waltham, MA). 

 

3.2.6 Immunofluorescence microscopy 

Coverslips pre-seeded with Chinese Hamster Ovary (CHO) cells at ~50-70% 

confluency.  The Golgi was labeled using Golgi-GFP Organelle Lights reagents 

(Molecular Probes, Eugene, OR) by incubating the cells with rocking at room 

temperature in the dark for 3 hrs with the transduction solution in PBS. After aspirating, 

the enhancer solution in DMEM was incubated with the cells for 2 hrs at 37˚C with 5% 

CO2.  Fresh DMEM was added and the cells incubated overnight. All samples were 

washed two times with Hanks Balanced Salt Solution (HBSS). The cells were then 

incubated in serum and antibiotic free RPMI media containing 2 mg/mL BSA at 37˚C 

with 5% CO2 for ½ hour.  For co-trafficking experiments, 10 nM PTx was pre-incubated 

with 5000 nM mAb 1B7 or mouse IgG2a (Santa Cruz Biotech, Santa Cruz, CA), at 37˚C 

with 5% CO2 for ½ hour.  Cells were then incubated with 10 nM PTx, the pre-incubated 
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complex, in RPMI with 2 mg/mL BSA at 37˚C for 5-240 min. Transferrin-ALEXA555 

(Molecular Probes, Eugene, OR) at 25 µg/mL or dextran-ALEXA555 (Molecular Probes, 

Eugene, OR) at 200 µg/mL were added the final five minutes of incubation for co-

labeling of the early/recycling endosomes or the late endomsomes/lysosomes. After 

rinsing with PBS, the cells were fixed with 4% paraformaldehyde for 20 min at 37˚C. 

Following three PBS washes, the cells were permeabilized with PBS containing 3% FBS 

and 0.1% Triton X-100 for 1 hr and subsequently blocked with PBS containing 3% FBS 

for 1 hr at 37˚C.  Primary antibody labeling using mAb 1B7 or mouse IgG2a at 0.1 

µg/mL or anti-PDI (Sigma-Aldrich, St. Louis, MO) at a 1:1000 dilution was done in the 

same buffer in humid conditions at 4˚C overnight.  The next day, the cells were washed 

three times with PBS and labeled with secondary antibodies anti-mouse-IgG-Cy5 

(Molecular Probes, Eugene, OR), anti-human-IgG-DylightTM 405 (KPL, Gaithersburg, 

MD), or anti-rabbit-IgG-Cy3 (Molecular Probes, Eugene, OR) at 1:1000 dilutions in PBS 

with 3% FBS in the dark at 37˚C for 1 hr.  After three final washes, the coverslips were 

mounted on slides using a drop of fluoromount-G (SouthernBiotech, Birmingham, AL).  

Imaging was done using the Zeiss Axiovert fluorescent microscope (Carl Zeiss, Inc) with 

AxioVision software or the Leica SP2 AOBS confocal microscope (Leica, Bannockburn, 

IL). 

 

3.3 RESULTS 

3.3.1 PTx can simultaneously bind 1B7 mAb and a model receptor 
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Most antibodies protect either by preventing toxin binding to target proteins or 

through Fc effector functions.  Since mAb 1B7 has been shown to be protective in in 

vitro CHO cell neutralization assays in various formats including scAb, scFv, and Fab 

which all lack Fc regions (129) and it has also been shown to bind primarily the S1 

subunit which is not involved in receptor binding (113), 1B7 must protect by another 

mechanism involving co-internalization with the toxin into mammalian cells. In order for 

1B7 to co-internalize with PTx, the 1B7/PTx complex must be first able to bind to the 

typical cell surface receptors bound by the toxin, glycans (10, 28, 85, 145).  An indirect 

ELISA was used to determine whether or not PTx in complex with 1B7 was able to bind 

to the glycoconjugate protein haptoglobin, which is a common model receptor used in 

PTx studies (118).  Using a control antibody, mAb 11E6, which blocks receptor binding 

of PTx, it was shown that PTx was able to complex with mAb 1B7 and bind to 

haptoglobin above control levels (see Figure 3.1). 
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Figure 3.1. Haptoglobin binding by PTx pre-incubated with mAb 11E6, 1B7, or 
nothing detected with biotinylated anti-mouse-IgG and Streptavidin-HRP. 
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3.3.2 1B7 binds PTx under organelle conditions but not cytosol conditions 

PTx has been shown to undergo retrograde trafficking through the early or 

recycling endosomes to the Golgi and from here hypothesized to travel to the ER prior to 

the release of the S1 subunit into the cytosol.  In order to determine whether any of these 

specific organelles could be exclude from the hypothesized 1B7/PTx complex 

intracellular trafficking route, indirect ELISAs were ran at various temperatures (25, 37, 

42, and 55˚C) and at the pH conditions (pH 5 – 7.2) of the organelles.  The hu1B7/PTx-

S1-220 complex was shown to retain similar affinity at 37˚C as at 25˚C with a slight 

increase in affinity with decreasing pH (see Table 3.1).  Further investigation using 

fluorescent anisotropy measurements of fluorescently labeled PTx-S1-220 showed that 

the rigidity of the S1 subunit increased with decreased pH, which explains the slight 

change in complex affinity with pH (see Figure 3.2).  However, hu1B7 was shown to be 

unable to bind reduced PTx-S1-220 (IC50 > 10 µg/mL) indicating that this complex is 

stable only in non-reducing environments which would exclude the cytosol and possibly 

the ER. 

Table 3.1. Effects of changes in pH and temperature on the IC50 (µg/mL) 
of the hu1B7/PTx-S1-220 complex measured using indirect ELISAs. 

 25˚C 37˚C 42˚C 55˚C 

pH 7.2 3 4 3 100 

pH 7.0 2 6 3 4 

pH 6.5 2 4 3 10 

pH 6.0 2 4 2 5 

pH 5.5 2 4 4 4 

pH 5.0 2 4 400 40 
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Since ATP has been shown to bind to the central pore of the B-oligomer resulting 

in a destabilization of the AB interaction, which has been hypothesized to result in the 

release of the S1 subunit from the ER (49), the effect of the presence of ATP at the 

reductive conditions of the ER on the 1B7/PTx complex were investigated using indirect 

ELISAs. The complex was shown to be stable at 37˚C with 2 mM GSH and up to 0.5 mM 

ATP indicating that 1B7 is able to remain in complex with PTx upon binding of ATP to 

the B-oligomer. This is in agreement with studies done by Sato which showed that mAb 

1B7 was able to neutralize the toxin’s ATP-ribosylase activity in the presence of 4 nM 

ATP even after the complex was reduced with DTT (116). 
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Figure 3.2. Fluorescent anisotropy measurements of PTx-S1-220-FITC at various 
buffer conditions from pH 5.5 – 7.2. 

 

3.3.3 PTx retrograde trafficking 

The typical protein trafficking pathway consists of newly translated proteins 

entering the ER in which ATP and various chaperones including PDI facilitate their 
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folding in a neutral, pH 7.0, reductive environment.  Misfolded proteins are secreted from 

the ER into the cytosol for proteolytic degradation through the ERAD pathway which is 

known to be exploited by some AB type toxins including cholera for release into the 

cytosol (75).  Once properly folded, the protein traffics to the Golgi where it is properly 

processed and packaged for its final destination also utilizing ATP at a slightly lower pH 

of 6.5.  Early endosomes (EE) travel to or from the Golgi or the late 

endosomes/lysosomes while recycling endosomes (RE) recycle back to the outer 

membrane around pH 6.0 to facilitate protein trafficking.  Proteins selected for 

degradation enter the late endosomes or lysosomes at pH 5.0.   Another AB type toxin, 

diptheria toxin, has exploited the low pH of these organelles for unfolding and 

subsequent escape into the cytosol (26). The retrograde trafficking of AB type toxins is 

the opposite of the typical protein trafficking pathway with the toxin entering the EE/RE 

and subsequently trafficking through the Golgi to the ER and eventually the cytosol. 

In order to determine the effects of 1B7 on PTx intracellular trafficking, three 

organelles were looked at in detail in immunofluorescent microscopy studies including 

the EE/RE, the Golgi, and the ER.  Initial studies were first conducted to image the 

typical PTx intracellular trafficking pathway.  PTx was incubated with CHO cells for 15 - 

240 min. The cells were fixed and subsequently labeled using mAb 1B7 and anti-mouse-

IgG-Cy5.  1B7 specificity for PTx was tested by labeling non-intoxicated cells with 1B7 

and intoxicated cells with an isotype control mouse IgG2a antibody. Staining at the same 

concentrations, conditions, and settings with these controls resulted in no detectable 

fluorescence.   
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PTx was incubated with transferrin-ALEXA555 (Tfn) for 30, 45, and 60 min (see 

Figure 3.3).  Co-localization was only detected at the 30 min time point. It appears that 

the toxin binds to cell surface receptors and undergoes receptor mediated endocytosis into 

the EE/RE within 30 min (see Figure 3.3A).  Since it is known that PTx binds to and 

enters CHO cells upon 20 min of incubation (16, 73) and does not co-localize with Tfn 

after 45 min (see Figure 3.3B), this indicates that the toxin traffics out of the EE/RE 

within 10-25 min of internalization or possibly utilizes other endosomes or vesicles for 

trafficking that do not internalize transferrin. 
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Figure 3.3. PTx intracellular trafficking as detected with 0.1 µg/mL mAb 1B7, 1:1000 
dilution anti-mouse-IgG-Cy5, and 25 ng/mL Tfn. (A) 30 min; (B) 45 min; and (C) 1 hr. 



65 

Upon leaving the EE/RE the toxin is known to traffic to the Golgi.  Transport 

from the Golgi has been determined to be the slow step in the PTx intracellular 

trafficking pathway as it has been detected here upon incubation times of 20-120 min (73, 

98). The Golgi was labeled prior to PTx intoxication using Organelle Lights™ Golgi-

GFP, and PTx subsequently incubated with the cells for 1, 2, or 3 hrs (see Figure 3.4).  

Co-localization was detected upon 1 and 2 hrs of incubation as expected. 
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Figure 3.4. PTx intracellular trafficking as detected with 0.1 µg/mL mAb 1B7, 1:1000 
dilution anti-mouse-IgG-Cy5, and Golgi-GFP organelle lights. (A) 1 hr; (B) 2 hrs; and 
(C) 3 hrs. 
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Cells were then intoxicated with PTx for 2 or 4 hrs and stained using anti-PDI for 

detection in the ER (see Figure 3.5).  Co-localization was detected upon 2 hrs of 

incubation which overlaps with toxin co-localization with the Golgi.  At 4 hours of 

incubation (see Figure 3.5B), the toxin no longer co-localizes with the ER nor does it 

appear to be predominantly peri-nuclear which would be indicative of the Golgi. While it 

may be localizing in the cytosol, it may also be accumulating in the lysosomes or 

multivesicular bodies as previously demonstrated by Kugler et al (73). 
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Figure 3.5. PTx intracellular trafficking as detected with 0.1 µg/mL mAb 1B7, 1:1000 
dilution anti-mouse-IgG-Cy5, 1:1000 dilution a-rabbit-PDI, and 1:1000 dilution anti-
rabbit-IgG-Cy3. (A) 2 hrs and (B) 4 hrs. 
 

3.3.4 1B7 alters PTx retrograde trafficking 

Co-trafficking experiments of the PTx:1B7 complex were then undertaken using 

an IgG2a mouse isotype control antibody along with a 45-120 min time scale and similar 

conditions and labeling used in PTx trafficking. 1B7 was co-incubated with PTx for ½ hr 
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at 37˚C prior to incubation with CHO cells for 20-240 min.  Co-labeling of the EE/RE 

with Tfn was undergone for the 45 and 240 min time points (see Figure 3.6).  No co-

localization with the Tfn could be detected. Co-labeling of the Golgi with Golgi-GFP was 

undergone for 20, 60, and 120 min time points (see Figure 3.7).  This also resulted in no 

detectable co-localization.  A final round of co-labeling was undergone with the ER using 

anti-PDI-Cy3 for 1, 2, and 4 hrs (see Figure 3.8).  This once again resulted in no 

detectable co-localization. 
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Figure 3.6. PTx:1B7 intracellular trafficking as detected with 1:1000 dilution anti-
mouse-IgG-Cy5 and 25 ng/mL Tfn. (A) 45 min and (B) 2 hrs. 
 

Analysis of 1B7:PTx staining at all time points regardless of organelle co-staining 

resulted in similar staining profiles.  The complex appears to be localized either on the 

cell surface or in some early/recycling endosome that does not contain Tfn.  The ability 

of antibodies to protect against toxins by binding and co-internalizing with them in order 
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to redirect intracellular trafficking has been shown previously with anti-Shiga Toxin 2 

mAbs (70, 122) and also anti-botulism toxin mAbs (3). This change in intracellular 

trafficking upon binding of mAb 1B7 may be due to the unique “stapling” action of the 

antibody on the two subunits or may be the result of a masking of some intracellular 

signaling of the toxin by the antibody thereby preventing either endocytosis or retrograde 

trafficking past the early/recycling endosomes. 
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Figure 3.7. PTx:1B7 intracellular trafficking as detected with 1:1000 dilution anti-
mouse-IgG-Cy5 and Golgi-GFP organelle lights. (A) 20 min; (B) 1 hrs; and (C) 2 hrs. 
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Figure 3.8. PTx:1B7 intracellular trafficking as detected with 1:1000 dilution anti-
mouse-IgG-Cy5, 1:1000 dilution a-rabbit-PDI, and 1:1000 dilution anti-rabbit-IgG-Cy3. 
(A) 1 hr, (B) 2 hrs, and (C) 4 hrs. 
 

3.4 DISCUSSION 

1B7 is a unique antibody that potently neutralizes PTx activity by binding the 

toxin and co-internalizing with it into target mammalian cells.  Once inside the cell, 1B7 

redirects PTx intracellular trafficking from its typical retrograde pathway of early 

endosomes to Golgi to ER to cytosol.  This ultimately prevents the intracellular toxic 

effects of PTx by circumventing the escape of the catalytic S1 subunit into the cytosol.  

The exact mechanism of this rerouting is yet to be determined, but may be closely linked 
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to 1B7’s unique epitope which spans the S1 and S4 subunit interface thereby “stapling” 

the subunits together.  

Since PTx is highly immunogenic, immunization with it results in the generation 

of several antibodies with various affinities recognizing a plethora of epitopes on the 

toxin.  Interestingly, only a small subset of these antibodies is neutralizing and of the 

many toxin epitopes, only four are protective. One of these major protective epitopes lies 

near or in the pore of the B-oligomer and effectively blocks receptor binding and thus 

internalization.  Most antibodies recognizing the S1 subunit of the toxin are non-

neutralizing.  However, epitopes spanning the A/B interface are highly neutralizing and 

allow the antibody to co-traffic into target cells where they are able to redirect 

intracellular trafficking either by “stapling” the subunits together thereby preventing 

dissociation or by blocking toxin intracellular signaling.  1B7 and 7F2 are two such 

mAbs which both bridge the S1/S4 interface with 1B7 being predominantly S1 and 7F2 

predominantly S4 (115, 117). Similar rare protective antibodies and a novel small 

molecule have been isolated and characterized for Shiga toxin 2  (70, 122) and Shiga-like 

toxins (120), respectively, which co-traffic into target cells and redirect intracellular 

trafficking. These have been shown to block retrograde trafficking of the toxin at the EE-

Golgi interface resulting in a shift to recycling endosomes.  Co-trafficking and redirecting 

may be a common mechanism of protection against AB-type toxins.  Further research 

either into engineering or isolating unique mAbs which span A/B subunit interfaces may 

be the future in the development of passive immunization strategies for these diseases.  



71 

Given 1B7’s ability to co-internalize with and redirect PTx intracellular 

trafficking, the role of effector functions appears to be a secondary if not a mute point.  

Although originally isolated as a mouse IgG2a antibody (114), various constructs of 1B7 

including Fabs, scFvs, and scAbs which all lack Fc regions are able to protect in in vitro 

CHO cell neutralization assays despite the lack of Fc receptors in CHO cells (129).  

Furthermore, several mAbs of various isotypes bind PTx with high affinity but are non-

neutralizing further indicating that effector functions are not the primary protective 

mechanism (114).  This may be due to the relatively fast internalization time of PTx, 

which enters cells within 20 min thus escaping into the cell before either activation of 

complement or uptake by phagocytes.  Another possible explanation would be if PTx can 

undergo retrograde transport upon Fc receptor mediated endocytosis.  This is less likely 

since there are protective anti-B-oligomer antibodies such as 11E6 which block PTx from 

binding to cellular receptors. These resultant antibody/toxin complexes would ultimately 

undergo phagocytosis, thus making retrograde trafficking or intoxication of phagocytes 

unlikely. Thus, effector functions may be involved secondarily in other target cells such 

as macrophages, antigen presenting cells, or neutrophils which do contain Fc receptors 

most likely in further recycling the antibody/toxin complexes out of the cells. 

Current acellular vaccines for pertussis utilize chemically detoxified PTx.  This 

has been shown to destroy the protective epitope recognized by 1B7 (91) resulting in 

lower protective antibody titers upon vaccination than upon actual infection (Sutherland 

and Maynard, in prep).  Current focuses in pertussis vaccine design include S1 subunit 

DNA and protein vaccines which also have lower protective activity most likely because 
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they too lack this protective epitope (59, 60).  Improvements in vaccine design can be 

made to elicit 1B7-like antibodies for this unique epitope similar to current HIV research 

(136).  One possibility would be to use catalytically inactive genetically detoxified PTx 

(9K/129G) with some additional genetic modifications to the B-oligomer in order to 

block cellular binding and side-effects such as histamine sensitization and leukocytosis 

while retaining protective epitopes and adjuvant properties. Another possibility could be 

to design a fusion protein of the S1/S4 complex which would elicit antibodies that would 

recognize the unique and protective interface between these two subunits. 

 

3.5 CONCLUSIONS 

1B7 recognizes a unique and potently neutralizing epitope on PTx resulting not 

only in its co-internalization into target cells but also redirecting of intracellular 

trafficking.  This mAb neutralizes PTx function either by preventing its dissociation or 

blocking its intracellular signaling.  Thus 1B7 and the unique epitope it recognizes are 

strong potential candidates for not only passive immunization strategies but also further 

vaccine improvements. 
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Chapter 4: Antibodies Recognizing Protective PTx Epitopes are 

Preferentially Elicited by Natural Infection Versus Acellular 

Immunization 
 

4.1 INTRODUCTION 

Pertussis vaccines, widely introduced as an inactivated whole-cell vaccine in 

1950, have been responsible for a dramatic decline in pertussis-related morbidity and 

mortality, but have been unable to eradicate disease despite 95% coverage in many areas. 

Disturbingly, rates of confirmed pertussis cases in industrialized countries have increased 

steadily over the past few decades, coinciding with the introduction of chemically 

detoxified acellular vaccines. In the US, rates have increased approximately 5-fold 

between 1995-2005, from 5158 to 25,616 cases (1).  In addition to increased surveillance 

and elective under-vaccination, it has become clear that the acellular vaccine produces 

little, if any, protection against sub-clinical infection despite the slower decay rate of  

resultant antibodies (t1/2 = 508 days vs. 221 days post infection) (23). When combined 

with the decline in vaccine-induced immunity, adults and adolescents serve as a reservoir 

for continued circulation of the pathogen, infecting susceptible infants. Epidemiological 

studies have suggested that pertussis accounts for 12-32% of cough illnesses lasting more 

than six days in adolescents and adults, resulting in the recent approval of reduced-dose 

booster vaccines for this population in 2005 (11, 96, 121). 

Although current acellular vaccines have fewer and less severe side-effects than 

the earlier whole cell vaccines, there remains active interest in development of new 

formulations to elicit long-term, protective immunity against pertussis (27). One barrier is 



74 

the lack of a clear serological correlate of protection to use as a measureable end-point in 

vaccine trials, as has been defined for other toxin-mediated diseases such as tetanus and 

diptheria. Antibodies recognizing the two lead candidates, pertussis toxin (94, 132) and 

pertactin (20), appear to protect via different mechanisms. Anti-pertactin antibodies 

reduce bacterial load by binding bacteria-associated antigen, inducing opsonization and 

phagocytosis by human leukocytes (20, 51). In contrast, anti-PTx antibodies limit toxin 

mitogenic and immunosuppressive activities (e.g., histamine-sensitization, leukocytosis, 

insulin secretion). The failure of traditional means to identify protective correlates (serum 

antibody titers binding all antigen epitopes) suggests that it may be necessary to instead 

monitor clinically relevant responses to known protective epitopes. 

While B. pertussis produces nearly twenty virulence factors, PTx is clearly a 

major antigen. Experiments have demonstrated (i) reduced virulence of bacteria lacking 

PTx genes for mice (127, 141-143); (ii) efficacy of the acellular pertussis vaccines in 

preventing human disease (comprised of PTx and 0-4 additional virulence factors) (14, 

60, 119, 133, 139); and (iii) protection and even reversal of disease post-infection upon 

passive administration of anti-PTx antibodies in mice and humans (12, 13, 37, 43, 113, 

114, 116). Furthermore, in highly vaccinated populations, circulating strains have 

emerged with both increased virulence and increased PTx production due to promoter 

mutations (89).   

This potent AB5-type toxin binds glycans on the cell surface (85), entering target 

cells through receptor-mediated endocytosis followed by retrograde transport to the 

endoplasmic reticulum (ER). Here, it is believed that the presence of ATP and a reducing 
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environment trigger unfolding and release of the catalytically active A-subunit from the 

holo-toxin (50). Following transport out of the ER, presumably via Sec61p of the ERAD 

pathway (107, 124), the S1 subunit refolds and catalyzes ADP-ribosylation of Gi/Go 

proteins in the cytoplasm. This modification disrupts normal signaling, resulting in an 

increase in the second messenger molecule cAMP (see Figure 2.1).  

Antibodies specific to PTx have been analyzed in detail, revealing four or more 

non-overlapping protective epitopes with only one immunodominant protective epitope 

on the catalytic S1 subunit (7). The Sato group performed a comparison of 32 anti-PTx 

monoclonal antibodies in several protection assays, including inhibition of ADP-

ribosylation, CHO cell clustering, intracerebral mouse and mouse aerosol challenge 

models (117). One antibody recognizing the S2/S3 subunits of the B-oligomer, 11E6, 

which appears to competitively inhibit receptor binding, performed well in the mouse 

aerosol challenge (23/25), but did not protect against intracerebral challenge (2/30).  Only 

one antibody (1B7) conferred significant protection in all assays, including dramatic 

protection in the most physiologically relevant mouse i.c. challenge.  In this assay, more 

1B7-treated animals survived (25/30) than those treated with polyclonal anti-PTx (8/30) 

or anti-B subunit treated animals (5/10) with the exception of 7F2 (8/10) which 

recognizes an S4 epitope which overlaps 1B7’s epitope (115, 117).  1B7-treated animals 

also carried reduced bacterial and PTx loads in the lungs (114, 116) and conferred 

protection even when administered nine days after infection (113).  

Although early characterization of the epitope recognized by 1B7 focused on the 

antibody’s ability to block in vitro ADP-ribosylation, subsequent experiments determined 
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direct inhibition of catalysis is not the mode of protection although it does bind near the 

S1 catalytic site (129).  Instead, 1B7 appears to bridge the S1 and B subunits, preventing 

S1 release and escape from the ER. Because antibodies recognizing this epitope potently 

neutralize toxin activity, we suggest that the titer of 1B7-like antibodies may be 

indicative of protective immunity and may explain the differential protection resulting 

from active infection versus acellular immunization. 

We compared overall and epitope-specific antibody titers to PTx in serum 

samples from 30 convalescent and 30 recently vaccinated adult health care workers in 

order to determine which route better elicits 1B7-like antibodies.  While overall anti-PTx 

titers were similar for both groups, infection resulted in higher titers of not only anti-S1 

but also 1B7- and 11E6-like antibodies. Further analysis determined that chemical 

detoxification, similar to that used to inactivate PTx during vaccine formulation, 

abrogates binding of these antibodies. Chemical detoxification has been previously 

shown to reduce murine responses to the 1B7 epitope while skewing the immune 

response towards non-neutralizing anti-B-oligomer antibodies (57, 91). It appears that 

protective epitopes on PTx are highly conformational and thus particularly sensitive to 

chemical modification. As these epitopes are preserved in the genetically detoxified PTx 

variant R9K/E129G (15, 97), vaccination with this variant is likely to induce a stronger 

protective response. 

4.2 MATERIALS AND METHODS 

4.2.1 Human sera samples and control antibodies 
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Human sera were obtained from Vanderbilt University Medical Center (M. Rock, 

T. Talbot). The sera from exposed adults were previously collected from healthy persons 

ages 21-64 with natural immunity through confirmed exposure to pertussis. The sera 

from vaccinated adults were previously collected from healthcare workers recently 

vaccinated with the acellular combination vaccine ADACELTM (Sanofi-Pasteur). Each 

dose of ADACELTM (0.5 mL) contains 2.5 µg glutaraldehyde detoxified pertussis toxin, 5 

µg filamentous hemagglutinin, 3 µg pertactin, 5 µg fimbriae Types 2 and 3, 5Lf tetanus 

toxoid, and 2Lf diphtheria toxoid.  Other ingredients per dose include 1.5 mg aluminum 

phosphate (0.33 mg aluminum) as the adjuvant, ≤5 µg residual formaldehyde, <50 ng 

residual glutaraldehyde, and 3.3 mg (0.6% v/v) 2-phenoxyethanol (Sanofi-Pasteur) (104). 

Thirty samples from each subject population containing the highest titers of anti-PTx 

antibodies (>15 EU/ml) were selected for analysis. 

The study protocol was approved by the local institutional review board at VUMC 

for sample collection (VUMC IRB #061262 Cost and effectiveness of pertussis 

vaccination among healthcare workers, #070258 Blood bio-banking for 

establishment/monitoring of immunological assays and #090806 Samples sharing for 

characterization of antibodies in vaccinated and convalescent individuals binding a key 

pertussis toxin neutralizing epitope) and use of those samples for this study by University 

of Texas at Austin (IRB #2009-05-0096 Neutralizing anti-pertussis toxin response in 

immunized/convalescent clinical samples). The study was conducted in accordance with 

the Declaration of Helsinki and written informed consent was obtained from each 
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participant prior to study entry.  The original consent forms allowed for sample use in 

subsequent studies. 

Human intravenous pertussis immunoglobulin (P-IGIV) was obtained from the 

Massachusetts Public Health Biologic Laboratory (Lot IVPIG-2) and was used to ensure 

consistency between ELISA plates. P-IGIV was prepared as a 4% IgG solution from the 

pooled plasma from donors immunized with tetra-nitromethane inactivated pertussis 

toxoid vaccine (44). The IgG pertussis toxin antibody concentration of 733 µg/ml is >7-

fold higher than contained in conventional intravenous immunoglobulin products (12). 

The World Health Organization (WHO) pertussis antiserum (human) reference reagent 

code 06/142 was obtained from the National Institute for Biological Standards and 

Control (NIBSC, Potts Bar, UK) used as reference serum to calibrate the P-IGIV. This 

reagent has been assigned a value of 106 international units (IU) of IgG anti-PTx per 

ampoule, which is approximately equivalent to 106 ELISA units (EU). 

 

4.2.2 Protein expression and purification 

PTx (holotoxin) in glycerol was purchased from List Biological Laboratories, Inc. 

(Campbell, CA).  The plasmid encoding a soluble, truncated version of the PTx S1 

subunit, PTx-S1-220, and the subsequent expression and purification of this protein in E. 

coli have been described previously (129). Murine hybridoma cells producing the IgG2a 

antibody 1B7 or the IgG1 antibody 11E6 (114) were grown in T-flasks in Hybridoma-

SFM serum-free media (Gibco) at 37˚C with 5% CO2 until cell death (~1-2 months). 

After centrifugation at 3 krpm for 20 minutes, the supernatant was filter sterilized using a 
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0.45 µm filter and loaded directly onto a pre-equilibrated Protein-G column (GE 

Healthcare) with running buffer (20 mM sodium phosphate, pH 7.0).  The mAb was 

eluted using low pH IgG elution buffer (Pierce, Rockford, IL) into collection tubes 

containing 1 M Tris pH 8.0 for neutralization. Protein concentrations were measured with 

micro-bicinchonoinic acid assay (Pierce), while SDS-PAGE stained with GelCode Blue 

(Pierce) verified protein preparation homogeneity and purity. 

 

4.2.3 PTx detoxoiding and characterization 

To detoxify PTx, a protocol similar to that used in current acellular vaccine 

formulations was employed (16). Lyophilized, salt-free, PTx was dissolved in 50 mM 

potassium phosphate, pH 7.5 buffer containing 0.3 M urea.  Glutaraldehyde was added to 

a final concentration of 0.07%.  After one hour incubation at room temperature, 19 mM 

lysine was added and allowed to incubate for an additional hour at room temperature to 

quench the reaction, followed by extensive dialysis with phosphate buffered saline, pH 

7.4 (PBS) to remove free lysine.  The loss of PTx activity after chemical treatment was 

characterized using a CHO cell neutralization assay. 

 

4.2.4 Measurement of neutralizing antibodies by CHO cell assay 

Neutralizing antibodies to PTx were measured as the dilution of serum that 

inhibited complete PTx induced clustering of Chinese hamster ovary (CHO) cells.  The 

method was modified slightly from the method of Gillenius et al (32, 56). Test sera were 

diluted directly in wells of sterile 96 well tissue culture plates in Dulbecco's Modified 
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Eagle Medium (DMEM) with 10% FBS using 1:√10 dilutions.  PTx in DMEM with 10% 

FBS was added to each serum dilution resulting in a concentration of 1.04 ng/mL-well.  

After mixing, the plates were incubated for ½ hr at 37˚C in the presence of 5% carbon 

dioxide. Freshly trypsinized confluent CHO cells were then seeded into the plates at a 

concentration of 105 cells/well resulting in a final PTx concentration of 0.52 ng/mL.  

After 24 h of incubation at 37˚C, a microscope was used to examine and score the wells 

on a scale of 0-3 based on morphology with 0 as elongated and 3 as completely clustered. 

 

4.2.5 Measurement of overall PTx responses 

High binding ELISA plates were coated with PTx or PTx toxoid (PTd) at 1.5 

µg/mL in 0.05 M carbonate-bicarbonate buffer, pH 9.6 or PTx-S1-220 at 7.6 µg/mL in 

PBS. All plated volumes were 50 µL/well unless otherwise indicated.  After overnight 

incubation at 4˚C, the plates were blocked with 200 µL/well assay buffer (4% bovine 

serum albumin, 0.05% Tween-20, phosphate buffered saline (PBS), pH 7.4) containing 

4% fetal bovine serum (FBS) at room temperature for 1 hour.  After washing three times 

with PBS containing 0.05% Tween-20, test serum samples and the WHO standard were 

added at a 1:1.5, 1:3.2, or 1:4.8 dilution while P-IGIV was added at a 1:18 dilution in 

assay buffer containing 4% FBS and subsequently serially diluted 1: √10 down the 

column in assay buffer containing 4% FBS. The plate was incubated at room temperature 

for 1 hour. After washing an additional three times, peroxidase conjugated anti-human 

IgG (Sigma-Aldrich) or anti-human IgG1 (Alpha Diagnostics International, San Antonio, 

TX) was added at a 1:1600 or 1:500 dilution in assay buffer, respectively, and the plates 
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were incubated again at room temperature for 1 hour. After a final three washes, the 

plates were developed with tetramethylbenzidine dihydrochloride substrate (Pierce).  The 

reaction was quenched with 1 N HCl and read using a SoftMax Pro v5 (Molecular 

Devices) at 405 nm.  The same software was used to calculate IC50 values using a 4 

parameter logistic (4PL) model for each individual curve (104). Reported IC50 values for 

PTx-S1-220 ELISAs are the average of duplicate runs. The minimum levels of detection 

(MLDs) for PTx and PTx-S1-220 ELISAs were 6 and 2 EU/mL, respectively. 

 

4.2.6 Measurement of epitope-specific responses 

These competition ELISAs were performed similarly as the indirect ELISAs 

above, with the following exceptions. Plates were coated with PTx at 1.0 µg/mL.  Test 

serum samples were added at 90 µL/well while P-IGIV was added at a 1:18 dilution in 

assay buffer containing 4% FBS and subsequently serially diluted 1:2 down the column 

in assay buffer containing 4% FBS. Mouse monoclonal antibody 1B7 or 11E6 (116) was 

then added at 3.8 µg/mL or 3.0 µg/mL, respectively, in assay buffer containing 4% FBS 

to each well.  After mixing, the plate was incubated at room temperature for 1 hour. 

Peroxidase conjugated anti-mouse IgG (Sigma-Aldrich, St. Louis, MO) was used as the 

secondary. A 4PL model with parallel line analysis using P-IGIV as the standard curve 

was used to calculate IC50’s (104). Reported IC50 values are the average of duplicate runs 

for 1B7 but only a single run for 11E6 competition ELISA. The MLD for the PTx 

competition ELISA was 1 EU/mL. 
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4.2.7 Statistical methods 

Correlation coefficients were estimated using Pearson’s correlation which 

calculates the strength of a linear relationship between two variables resulting in a 

correlation between -1 and 1 with 0 indicating no correlation.  A two sided t-test was 

performed for the comparison of means for normally distributed values, with significance 

set at P < 0.05 (33). 

 

4.3 RESULTS 

 

4.3.1 Exposed and vaccinated groups have similar anti-PTx and CHO cell 

neutralizing titers 

Anti-PTx antibody titers were determined through indirect ELISA using 

commercial PTx along with individual curve fits (see Figure 4.1A).  Samples with titers 

over 15 EU/mL were selected based upon initial titer determination at VUMC and the 

assay repeated at UT Austin to ensure consistency among all results. A cutoff of 15 

EU/mL was chosen to ensure reliable detection of PTx epitope subclasses.  Sera from 

vaccinated adults had average dilutions of 0.024 +/- 0.001 while the sera from exposed 

adults had average dilutions of 0.020 +/- 0.001, respectively (see Tables 4.1 and 

Supplemental Tables S4.1 and S4.2). There were no significant differences in anti-PTx 

antibody titers between the 30 vaccinated and the 30 exposed adults (P < 0.5), indicating 

that there was no sample bias. 
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To analyze overall titers of PTx neutralizing antibodies, an in vitro CHO cell 

neutralization assay was employed.  In the presence of low concentrations of active PTx 

(down to 120 pg/mL), CHO cells will grow in a clustered, as opposed to elongated, 

morphology which can be inhibited by some antibodies (56). It was originally thought 

that since ADP-ribosylation is necessary for clustering, antibodies prevent clustering by 

directly blocking ADP transfer (7, 61). However, subsequent characterization of mAbs 

has identified those that can inhibit ADP-ribosylation but not CHO cell clustering and 

vice versa. Since the ADP-ribosylation assay is usually performed as an in vitro assay 

Figure 4.1. Representative ELISA data with curve fits using a 4PL model with P-IGIV 
(○), vaccinated sample 164 (■), and exposed sample 611 (♦). A. Indirect α-PTx ELISA 
with individual curve fits, B. Indirect α-PTx-S1-220 ELISA with individual curve fits, 
and C. Competition ELISA with mouse mAb 1B7 with overall curve fits with P-IGIV 
as the standard. 
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with isolated cell membranes and does not require any receptor binding or intracellular 

trafficking steps, the CHO neutralization assay is a more realistic assay.  

Table 4.1. Results summary.
Dilution Vaccination Exposure P-value

α-PTx 0.53
Mean 0.024 0.02

Variance 0.001 0.001
Range 0.005 - 0.160 0.003 - 0.150
MLD

CHO Protection 0.17
Mean 0.0031 0.00161

Variance 0.00003 0.0000013
Range 0.00048 - 0.03 0.00048 - 0.0065
MLD

IgG1 Antibodies 0.03
Mean 0.0248 0.059

Variance 0.0004 0.003
Range 0.005 - 0.072 0.011 - 0.226
MLD

α-PTx-S1-220 0.04
Mean 0.115 0.04

Variance 0.027 0.002
Range 0.006 - 0.590 0.011 - 0.153
MLD

1B7-like Antibodies 0.04
Mean 0.519 0.338

Variance 0.181 0.069
Range 0.050 - 1.89 0.084 - 0.895
MLD

11E6-like Antibodies 0.0001
Mean 0.229 0.081

Variance 0.033 0.003
Range 0.016 - 0.645 0.028 - 0.296
MLD

Dilution

0.16

0.03

0.59

1.89

0.645

0.226
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Although there is a better correlation between CHO cell clustering than ADP-ribosylation 

with in vivo neutralization, neither method is predictive of protection of mAbs in either 

mice or humans (61, 117). This is most likely because CHO cell neutralization is the 

result of preventing the S1 subunit’s catalytic activities, which does not assess with 

activities associated with the B-oligomer including leukocytosis and histamine 

sensitization. 

To determine CHO cell neutralizing titers, sera samples were diluted in the 

presence of a fixed concentration of immobilized PTx and incubated with CHO cells for 

24 hours. Wells were scored the following day with higher protective dilutions indicative 

of higher titers of toxin neutralizing antibodies. Although the exposed samples provided a 

greater degree of protection than the vaccinated samples, this was not significant (P < 

0.17) (see Table 4.1). However, previous results have also observed no significant 

difference in CHO protection between exposed and post-vaccinated patients (84). This 

discrepancy may be the result of the bias introduced in selecting samples with high anti-

PTx antibody titers, since vaccination typically does not elicit as strong of an immune 

response as infection.  Another cause of this insignificance could be silent boosting 

through undocumented exposure to pertussis as the vaccinated adults are all healthcare 

workers who are more likely to come in contact with the disease. 

 

4.3.2 Anti-PTx antibodies no longer recognize PTx upon chemical detoxification 

The acellular vaccine used for vaccination, ADACELTM, contains inactive 

detoxified PTx which has been treated with up to 0.07% glutaraldehyde (16).  This 
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treatment reduces the vaccine side effects, stabilizes the toxin from degradation during 

storage, and fundamentally alters the toxin tertiary structure including the 1B7 epitope.  

Aldehyde treatment of proteins cross-links N-terminal amino acids along with side-chains 

of arginine, cysteine, histidine, and lysine residues resulting in a change in molecular 

weight on SDS-PAGE, AUC, and MALS (83). To determine whether glutaraldehyde 

treatment of PTx results in a change in titers observed between exposed and vaccinated 

adults, we prepared PTd with procedures similar to those used for vaccine preparation 

and repeated the indirect ELISA. After glutaraldehyde treatment, PTd was shown to be 

inactive in the CHO cell assay (> 0.5 µg/ml or > 100-fold). 

An initial ELISA was performed with 0.3 mg/mL anti-S1 mAb 1B7, anti-S2/3 

mAb 11E6, and P-IGIV along with a select few serum samples. This resulted in a 

dramatic decrease in toxin binding titers for all antibodies with neither of the mAbs, 1B7 

or 11E6, resulting in any signal, while P-IGIV and the serum samples at no dilution 

having only slight signals.  The lack of binding of either 1B7 or 11E6 indicates that these 

protective epitopes were destroyed upon glutaraldehyde treatment. The dramatic decrease 

in anti-PTd antibody titer measured for P-IGIV and the samples suggests that 

detoxification destroys most immunogenic epitopes on PTx and that the resultant anti-

PTx antibody titers result from what little of the toxin reverts to non-toxic form. 

However, the dramatic reduction in signal may be the result of our specific detoxification 

process as residual lysine could be blocking PTd binding to the high affinity ELISA 

plates or the resultant concentration of PTd may be over estimated due to loss of toxin 

due to non-specific binding of the dialysis membranes or plastics used in processing. 
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4.3.3 Isotype response 

An alternative explanation for the different protection conferred by infection 

versus acellular vaccination is the presence of various immunostimulatory molecules, 

including LPS and active PTx, which can among other effects alter the isotype and 

functional activities of elicited antibodies.  To assess this, we analyzed the isotypes of 

PTx-specific antibodies in our sera samples. During infection, active PTx is secreted from 

the bacteria and has a direct immunosuppressive effect through elevation of intracellular 

cAMP levels resulting in a biased Th1 immune response.  These immune responses are 

characterized by their ability to opsonize and fix complement through mouse IgG2a and 

human IgG1 and 3 isotypes.  In contrast, Th2 responses are characterized by anti-toxin 

antibody production with mouse IgG1 and human IgG2 and 4 isotypes.  Indirect ELISAs 

were performed to determine the effect of this change in PTx on the Th1/Th2 response by 

measuring human IgG1 levels. Half of the samples (15 vaccinated and 15 exposed) had 

IgG1 titers below detection even at 1/√10 dilution (see Table 4.1).  Of the remaining 

samples, vaccination resulted in higher titers of IgG1 at an average dilution of 0.0248 +/- 

0.0004, while infection resulted in an average dilution of 0.059 +/- 0.003 (P < 0.03). 

Similar ELISAs were attempted using anti-human-IgG2 but resulted in little or no 

detectable signal even for the samples which did not have detectable anti-human-IgG1 

signal at no dilution.  Although it appears that vaccination results in a biased Th1 

response which is the same as is known to occur upon infection, this result may be 

skewed due to the low overall titers of each IgG subclass. 
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4.3.4 Exposed and vaccinated adults have different epitope-specific responses 

PTx has four immunodominant epitopes of which two are highly protective, 

represented by mAbs 1B7 and 11E6. The epitope bound by 1B7 is located primarily on 

the S1 subunit with some overlap or interaction with the S4 subunit, while the epitope 

bound by 11E6 is present on either the S2 or S3 subunit. A study of 38 PTx-specific 

mAbs, including 13 protective mAbs, showed that formaldehyde treatment weakens 

binding to some epitopes but strengthens binding to other, especially partially buried, 

epitopes (57). Similarly, a study comparing immunization of the genetically inactivated 

9K/129G variant with and without formaldehyde treatment observed similar PTx-specific 

titers in both groups, but significantly lower toxin-neutralizing titers in the formaldehyde-

treated group as measured by mouse i.c. challenge (91). Thus, while the overall PTx-

specific titers are similar for the two groups, the molecular details of which epitopes are 

being recognized and with what affinity, variables which are critical for protection from 

disease, may differ. This is clearly the case for the epitope recognized by 1B7, as 

formaldehyde treatment of PTx can eliminate binding (91).   

To closer examine responses to the 1B7 epitope, we first monitored responses to 

the isolated S1 subunit which dominates this highly neutralizing epitope (113). A 

truncated form of PTx-S1, PTx-S1-220, which can be produced as a recombinant soluble 

protein in E. coli (129) was used in an indirect ELISA with sera dilutions (see Figure 

4.1B and Supplemental Tables S4.2 & S4.3). As expected, overall anti-PTx-S1-220 titers 

were lower than anti-PTx titers for both sample population.  Sera from vaccinated adults 

resulted in dilutions of 0.115 +/- 0.027, while sera from exposed adults were detectable to 
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dilutions of 0.040 +/- 0.001 (see Table 4.1).  The exposed adults had significantly higher 

PTx-S1-220 antibody titers than the vaccinated adults (P < 0.04).  Since both groups had 

similar anti-PTx antibody titers, this implies that vaccinated adults have stronger 

responses to the B-oligomer or internal epitopes than exposed adults.  This is in 

agreement with studies with mice using PTx and formaldehyde detoxified PTx which 

showed that vaccination with dPTx results in a higher anti-B-oligomer response than with 

PTx (91). 

This result encouraged us to look more closely at the 1B7 epitope, using a 

competition ELISA. Because 1B7 exhibits reduced affinity for the isolated S1 subunit 

and the epitope appears to span both the S1 and S4 subunits (115, 129), PTx was 

immobilized and sera diluted in the presence of a fixed concentration of the murine mAb 

1B7.  Serum antibodies which recognize the same or overlapping epitope as 1B7 compete 

with murine mAb 1B7 for these limited sites.  By detecting murine mAb 1B7 bound in 

each well, the titers of 1B7-like antibodies in the serum can be determined (Figure 4.1C 

and Supplemental Tables S4.2 & S4.3). Sera from vaccinated adults resulted in dilutions 

of 0.519 +/- 0.181, while sera from exposed adults resulted in dilutions of 0.338 +/- 0.069 

(see Table 4.1). The exposed adults had significantly higher 1B7-like antibody titers than 

the vaccinated adults (P < 0.04). 

We then repeated the PTx competition ELISA using the mAb 11E6 to look more 

closely at this other highly protective epitope, which overlaps with the cellular receptor 

binding site. Similarly, PTx was immobilized and sera diluted in the presence of a fixed 

concentration of the murine mAb 11E6 (Supplemental Table S4.2 & S4.3).  Sera from 
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vaccinated adults resulted in dilutions of 0.229 +/- 0.033, while sera from exposed adults 

resulted in dilutions of 0.081 +/- 0.003 (see Table 4.1). Exposure resulted in significantly 

higher 11E6-like antibody titers than vaccination (P < 0.0001). 

Further analysis using the Pearson correlation resulted in a direct correlation 

between 1B7-like antibodies titers and protection in the CHO assay with a value of 0.47, 

which is indicative of a moderate correlation (see Figure 4.2A). 11E6-like antibody titers 

had a lower correlation with CHO cell protection of 0.26 (see Figure 4.2B).  Anti-PTx 

antibodies can protect CHO cells either by occluding the cellular receptor binding site on 

the B-oligomer or by binding an epitope on the S1 subunit that alters intracellular 

trafficking (Sutherland and Maynard, unpublished data).  Both 1B7 and 11E6 recognize 

highly neutralizing epitopes while facilitating these two intrinsically different 

mechanisms of protection.  However, since there are two and perhaps four receptor 

binding sites per B-oligomer (85), neutralization via binding to the B-oligomer requires a 

higher antibody/toxin stoichiometry than to S1.  This may explain the lower protection 

exhibited by 11E6 in mouse models as compared to 1B7 (117) along with the slightly 

higher in vitro protective antibody titers in infected versus vaccinated adults. 
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Figure 3. Scatter plots of IC50 of protective antibodies and protective dilution in CHO assay. (A) 1B7-like antibodies, Pearson 0.47; (B) Figure 3. Scatter plots of IC50 of protective antibodies and protective dilution in CHO assay. (A) 1B7-like antibodies, Pearson 0.47; (B) 
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Figure 4.2. Scatter plots of IC50 of protective antibodies and protective dilution in CHO 
assay. (A) 1B7-like antibodies, Pearson 0.47; (B) 11E6-like antibodies, Pearson 0.26. 
 

4.4 DISCUSSION 

We compared the serum from adults with either confirmed infection or recent 

acellular vaccination against pertussis.  While there was no significant difference in total 

anti-PTx antibody titers or in vitro CHO cell neutralization, there were significant 

differences for all other assays. Vaccination resulted in higher titers of anti-PTd 

antibodies, while exposure resulted in higher titers of not only anti-PTx-S1 antibodies, 

but also of antibodies recognizing two potently neutralizing epitopes.  Cellular responses 

also differed as vaccination surprisingly resulted in primarily a Th1 response as indicated 

by higher titers of IgG1 antibodies.  However, this was inconclusive as IgG2 levels were 

below detection limits, precluding a direct IgG1/IgG2 comparison.  Since all vaccinated 

samples were taken from adult healthcare workers, sub-clinical infection or silent 

boosting could have potentially reduced the differences between these two groups. 
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4.4.1 Vaccination vs. Infection 

While vaccination has been effective over the last 50 years at controlling pertussis 

in industrialized countries, it has been unable to eradicate the disease or protect 

individuals from sub-clinical infection.  The recent switch from whole cell to acellular 

vaccination affords several advantages including greater lot-to-lot consistency and a 

decrease in encephalopathic side effects, but alters the resulting immune response. 

Through cytokine level analysis, it has been shown previously that acellular vaccination 

induces a Th2 response as opposed to the preferentially elicited Th1 response induced by 

respiratory infection or whole cell vaccination (6, 103, 110, 112). A Th2 response is 

unfavorable due to its inherent predisposition to allergies (86).  Although this change 

could be due to the adjuvant properties of bacterial components such as LPS, previous 

reports have observed that the chemical detoxification of PTx destroys its adjuvant 

properties (111).   

In order to prevent side effects associated with toxin activity, PTx is detoxified in 

both whole cell and acellular vaccines by incubation with aldehydes. The process, 

however, is highly variable with ~2% of the toxin retaining or reverting to the active 

form. A mild detoxification process (0.035% formaldehyde for 48 hr at 37˚C) stabilizes 

the toxin against degradation during long-term storage without affecting tertiary structure 

(91). However, increasing formaldehyde concentrations and incubation times (up to 0.5% 

for 7 days) results in a gradual cross-linking of the subunits and increase in molecular 

weight as observed by SDS-PAGE, SEC, MALS, and AUC (83).  These more dramatic 

structural effects result in the desired loss in CHO cell toxicity (104-106 fold), but are 
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coupled with a 100-fold reduction in reactivity with polyclonal anti-PTx serum and a 

complete loss of detectable 1B7 binding in a radio-immunoassay (57).  Treatment with 

0.035% or 0.35% formaldehyde also resulted in impaired binding in 73% and 82% of a 

panel of 13 neutralizing mAbs (57). Furthermore, sera of guinea pigs immunized with the 

treated PTx were unable to protect CHO cells against intoxication  (91), indicating that 

higher formalin concentrations did not induce strong antibody responses against 

protective PTx epitopes.  

Detoxification also affects cellular immune responses as mouse studies have 

suggested a reduced response in acellularly vaccinated individuals.  Although acellular 

vaccination results in higher peak antibody titers, whole cell vaccination or infection 

elicits a stronger T cell response in mice (6, 101, 103, 110). Studies with PTx and FHA 

have demonstrated that high formaldehyde concentrations can depress presentation of 

peptide epitopes to T cells by limiting antigen processing (95) perhaps through inhibited 

proteolysis. A further effect of toxoiding is the loss of B-oligomer mitogenicity (53), 

which may be the cause of the class switching (IgG2 to IgG1) observed upon acellular 

vaccination. A broader effect of chemical detoxification is a decrease in the generation of 

anti-PTx B memory cells which has long term implications for neutralizing antibody 

responses (104). In contrast, the genetically detoxified PTx 9K/129G retains mitogenic 

and other B-oligomer mediated activities eliciting a Th1 response (99), but is uniformly 

devoid of catalytic activity (91).  More critically from a vaccine standpoint, these two key 

amino acid substitutions have no effect on polyclonal or monoclonal antibody binding 
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(91, 129).  However, there may be a need for a further detoxification to reduce B-

oligomer activities without compromising the immunogenicity of the epitope.  

 

4.4.2  Serological correlates or co-correlates 

The identification of serological correlates or co-correlates of protection is 

essential for the development of specific therapeutics or the engineering of enhanced 

vaccines to prevent disease. In most cases, these correlates can be traced to individual 

virulence factors such as tetanus toxin and diptheria toxin.  However, they have proven 

elusive in pertussis (20), similar to the difficulties in identifying broadly neutralizing 

antibody epitopes on HIV.  In the HIV case, potently neutralizing antibodies conferring 

protection at modest serum concentrations can be extremely rare (136). Of the 

neutralizing antibodies that have been characterized, one (b12/ 2F5) binds a protein-

protein interface in a recessed cleft on gp120. The failure of P-IGIV passive 

immunization trials for pertussis to demonstrate a clear effect on clinical outcome (12, 

13, 44) may have been due to an insufficiency of antibodies binding key neutralizing 

epitopes. This suggests that the identification of serological correlates may require careful 

examination of clinically relevant response, for instance to specific epitopes and binding 

kinetics, not just individual virulence factors. 

Extensive characterization of various anti-PTx antibodies has resulted in 

identification of four neutralizing epitopes.  One of these overlaps with the cellular 

receptor binding site, located on the S2 and S3 subunits, and is recognized by the mAb 

11E6.  The mechanism of protection is presumed to be steric blockade of the initial toxin-
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receptor interaction, thereby inhibiting toxin entry into the cell.  Given that the toxin 

contains at least two receptor binding sites, complete neutralization may require two 

11E6 antibody molecules for every one PTx molecule. A second neutralizing epitope is 

located primarily on the S1 subunit but spans the A/B toxin interface to interact weakly 

with the S4-subunit.  This epitope is recognized by the antibody 1B7, which potently 

protects against cellular intoxication either by preventing S1 dissociation and escape from 

the ER or by blocking toxin intracellular signaling. Antibodies and small molecules 

altering intracellular trafficking have been shown to protect against two other AB-type 

toxins, ricin and shiga toxin (70, 120, 125).  

Both 11E6 and 1B7 have been shown previously to be highly protective in murine 

challenge studies (114) and are both high affinity (5-20 nM Kd) indicating that they spur 

generation of memory B-cells essential for long-term immunity. Here we present indirect 

evidence that antibodies recognizing these epitopes are also protective in humans as they 

are present upon infection in significantly higher titers than upon vaccination and both 

correlate to protection in CHO cell assays. Further prospective studies would be 

necessary to determine whether or not 1B7 and/or 11E6 are serological correlates or co-

correlates of protection. A possible prospective study could determine the index of 

disease severity by monitoring specific antibody levels in vaccinated individuals upon 

vaccination and subsequently through disease contraction. 

 

4.5 CONCLUSIONS 
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Here, we have documented low serum titers to two specific, highly neutralizing 

epitopes on PTx that appears to be a direct result of vaccination with PTd. The dramatic 

loss of two protective epitopes upon chemical detoxification supports inclusion of 

genetically inactivated toxoid in acellular vaccine preparation. Concerns regarding 

chemical deactivation procedures include lot-to-lot variability, incomplete inactivation, 

reversion of toxicity, and loss of immunogenicity (34, 106), which may also similarly 

affect other AB-type toxin protective epitopes.  Further vaccine development and passive 

immunization strategies for pertussis should focus on eliciting specific protective epitope 

responses such as those recognized by 1B7 and 11E6. 
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PTx

dilution

PTx-S1-220

dilution

1B7-like

d ilution

11E6-like

dilu tion

IgG1

dilution

CHO

dilution

116 V 0.027 0.006 1 .080 0.645 - 0.0030
11 V 0.006 0.413 0 .074 0.034 0.011 0.0007
113 V 0.026 0.062 1 .039 0.210 - 0.0010
13 V 0.029 0.089 0 .818 0.607 0.013 0.0020
151 V 0.079 0.161 1 .516 0.366 0.047 0.0100
158 V 0.005 0.007 0 .133 0.068 0.006 0.0010
162 V 0.011 0.045 0 .293 0.035 - 0.0015
164 V 0.012 0.067 0 .823 0.076 - 0.0030
168 V 0.028 0.590 0 .279 0.207 0.008 0.0020
17 V 0.037 0.049 0 .789 0.347 0.072 0.0030
23 V 0.007 0.097 0 .315 0.108 - 0.0020
234 V 0.005 0.022 0 .281 0.049 0.018 0.0010
302 V 0.007 0.036 1 .446 0.376 0.023 0.0015
317 V 0.009 0.021 0 .190 0.075 0.005 0.0007
322 V 0.019 0.088 0 .998 0.484 0.014 0.0030
337 V 0.036 0.055 0 .835 0.249 0.054 0.0025
338 V 0.006 0.014 0 .281 0.016 0.024 0.0007
340 V 0.016 0.015 0 .232 0.189 - 0.0025
345 V 0.014 0.142 1 .887 0.142 0.058 0.0025
353 V 0.015 0.020 0 .151 0.515 - 0.0008
40 V 0.016 0.084 0 .240 0.335 - 0.0065
45 V 0.005 0.014 0 .152 0.303 0.022 0.0005
5  V 0.008 0.048 0 .337 0.287 0.010 0.0007
6  V 0.160 0.590 1 .386 0.338 - 0.0300
7  V 0.015 0.038 0 .255 0.042 0.010 0.0030
87 V 0.008 0.204 0 .529 0.204 - 0.0020
88 V 0.005 0.007 0 .050 0.025 - 0.0008
89 V 0.008 0.030 0 .259 0.040 - 0.0007
91 V 0.009 0.030 0 .168 0.336 - 0.0015
97 V 0.015 0.401 0 .523 0.134 0.043 0.0030

S upplemental Tab le S 4.2. Vaccinated sample data . PTx-S1-220, CHO, 
and 1B7-like dilutions are averages of duplicates.
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PTx

dilution

PTx-S1-220

dilution

1B7-like

dilution

11E6-like

dilution

IgG1

dilution

CHO

dilution

2 E 0.015 0.031 0.178 0.159 0.033 0.0015
128 E 0.008 0.024 0.179 0.035 0.027 0.0015
149 E 0.033 0.043 0.353 0.056 - 0.0020
213 E 0.032 0.018 0.292 0.134 - 0.0025
229 E 0.006 0.016 0.137 0.082 - 0.0001
250 E 0.014 0.057 0.233 0.072 0.138 0.0010
252 E 0.011 0.069 0.627 0.090 - 0.0025
27 E 0.033 0.103 0.194 0.035 0.044 0.0025
31 E 0.017 0.032 0.823 0.042 - 0.0020
35 E 0.008 0.017 0.405 0.058 - 0.0008
371 E 0.014 0.011 0.154 0.124 - 0.0015
372 E 0.003 0.224 0.216 0.067 0.226 0.0005
409 E 0.055 0.040 0.582 0.044 - 0.0025
410 E 0.006 0.020 0.808 0.028 0.101 0.0007
440 E 0.015 0.038 0.084 0.046 0.011 0.0020
443 E 0.029 0.042 0.264 0.078 0.088 0.0015
444 E 0.008 0.022 0.895 0.060 0.058 0.0065
521 E 0.011 0.020 0.222 0.182 - 0.0005
538 E 0.005 0.017 0.116 0.047 - 0.0010
540 E 0.009 0.021 0.197 0.120 - 0.0020
575 E 0.008 0.024 0.205 0.031 - 0.0003
611 E 0.007 0.024 0.259 0.072 0.034 0.0020
691 E 0.026 0.043 0.282 0.056 0.012 0.0015
723 E 0.026 0.027 0.250 0.296 0.062 0.0015
734 E 0.008 0.021 0.262 0.094 0.045 0.0010
76 E 0.017 0.076 0.338 0.087 - 0.0010
845 E 0.011 0.026 0.119 0.067 0.023 0.0010
87 E 0.146 0.153 0.586 ND ND 0.0025
884 E 0.010 0.024 0.370 0.062 0.011 0.0015
946 E 0.009 0.065 0.475 0.034 0.033 0.0010

Supplemental Table S4.3. Exposed sample data. PTx-S1-220, CHO, 
and 1B7-like dilutions are averages of duplicates.
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Appendix A: Laboratory Protocols 

 
A.1 DNA Work 

 

A.1.1 Preparation of Electrocompetent E. coli Cells 
Sidhu et al, Methods in Enzymoloyg, vol 238, pg 333. 

• Grow 10 mL 2xYT starter culture of E. coli strain at 225 rpm and 25˚C overnight. 
• Inoculate 2 x 500 mL of LB with 2.5 mL and 5 mL of the starter culture. 
• Grow cells at 25˚C at 225 rpm until OD600 reaches 0.6 (~3-6 hours). 
• Transfer the cells into pre-chilled 500 mL autoclaved bottles and keep on ice for 

10 minutes. 
• Pellet the cells by centrifuging at 4-5 krpm for 5 min. 
• Wash the pellet by resuspending in 900 mL of 1 mM HEPES buffer with a sterile 

magnetic stir bar. 
• Repeat steps 5 and 6. 
• Pellet the cells by centrifuging at 4-5 krpm for 5 min and resuspend in 150 mL of 

10% sterile glycerol. 
• Pellet the cells again and remove as much of the glycerol as possible without 

removing the stir bars. 
• Swirl the bottle gently to resuspend the final pellet. 
• Aliquot the cells into cold sterile eppendorf tubes and snap freeze in either liquid 

nitrogen or ethanol with dry ice.  Store immediately at -80 C. 
• Transform 1 µL of pUC19 or no plasmid (negative control) into 50 µL of 

electrocompetent cells and plate on LB + AMP plates at 37˚C overnight. 
• Count colonies and calculate the efficiency of cells. 

o Efficiency = (# of colonies)/(pg of pUC19) x 106 pg/µg 
 

A.1.2 Preparation of Competent E. coli cells (Heat Shock) 

• Grow 10 mL LB starter culture of E. coli strain at 225 rpm and 25˚C overnight. 
• Inoculate 2 x 500 L of LB with 2.5 mL and 5 mL of the starter culture. 
• Grow cells at 25˚C at 225 rpm until OD600 reaches 0.6 (~3-6 hrs). 
• Transfer the cells into pre-chilled 500 mL autoclaved bottles and keep on ice for 

10 minutes. 
• Pellet the cells by centrifuging at 1600 g for 5 min. 
• Wash the pellet by resuspending in 100 mL of ice cold CaCl2 buffer with a sterile 

magnetic stir bar. 
• Pellet the cells by centrifuge 1100 g for 5 min. 
• Resuspend again in 20 mL of ice-cold CaCl2 solution by gentle swirling. 
• Aliquot the cells into cold sterile eppendorf tubes and snap freeze in either liquid 

nitrogen or ethanol with dry ice.  Store immediately at -80 C. 
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• Transform 1 µL of pUC19 or no plasmid (negative control) into 50 µL of 
electrocompetent cells and plate on LB + AMP plates at 37˚C overnight. 

• Count colonies and calculate the efficiency of cells. 
o Efficiency = (# of colonies)/(pg of pUC19) x 106 pg/µg 

 

A.1.3 Primer Design for PCR Point Mutagenesis 

• Primers should be 17-28 bases in length. 
• Base composition should be 50-60% GC. 
• Primers should end (3’) in a G, C, CG, or GC to increase priming efficiency. 
• Aim for a melting temperature between 55-80˚C. 
• Quick calculation of %GC, primer length, and melting temperature at 

www.promega.com/biomath/calc11.htm. 
• Avoid primer self-complementarity (i.e. hairpins). 
• Avoid runs of three or more C or G at the 3’ end of primers.  These promote 

mispriming at G or C-rich sequences. 
• Avoid complementary (base pairing) between the 3’ end of primers. Otherwise 

primer dimers result. 
 
A.1.4 Site-Directed Mutagenesis 
The plasmid containing the gene of interest methylated (on cysteines) and subjected to 
around the plasmid PCR.  The amplified plasmid is then transformed into bacteria with 
the mcrBC genes (i.e. DH5α) wherein the methylated plasmid is digested while the 
unmethylated mutation plasmid is retained.  The resulting colonies should contain a high 
proportion of mutated plasmid. 
 
Extra primer design considerations:  

• 5’ primer should include 15-18 bp flanking the mutation site 
• 3’ primer should complement the 5’ primer with less than 9 bp overlap. 

 
Methylation Reaction: 

• 10 µL 10X SAM 
• 1 µL NEB buffer 2 
• 1 µL sssI methylase 
• 100 ng plasmid 
• Water to 10 µL final volume 

Incubate at 37˚C for 1 hour.  Over methylation can prevent primer annealing in PCR. 
 
PCR Reaction: 

1 µL dNTPs 10mM each 
3 µL Methylated DNA 
1 µL Primer at 100 µM 

0.25 µL DNA Polymerase (TAQ or 
Vent) 
5 µL Buffer (Polymerase specific) 
ddH2O to 50 µL 
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95˚C – 5 min 
95˚C – 30 sec 

53 or 68˚C (TAQ or Vent) – 30 sec 
72˚C – 1 min/kb x (size of plasmid) 
4˚C – forever

 
DNA Agarose Gel: 

Agarose Gel: 

• 150 mL Tris-Acetate-EDTA (TAE) Buffer 
• 75 µg Ethidium Bromide 
• 1.5 g Agarose (1%) 

Loading Buffer (10x): 

• 3 mL Glycerol (30%) 
• 0.1 g SDS (1%) 
• 0.026 g Bromo Blue (0.25%) 
• 2 mL 0.5 M EDTA (0.1 M) 
• Water to 10 mL final volume 

Run the appropriate DNA ladder and 7 µL of PCR reaction with loading buffer on a 
DNA agarose gel at 120 V until band separation is achieved.  View under UV light. 
 
DpnI Digestions: 

If the PCR reaction was successful as indicated by the correct band on the DNA gel, a 
DpnI digestion can be used to digest the original methylated DNA thereby decreasing the 
overall background prior to transformation. 

• 1 µL DpnI 
• 43 µL DNA from PCR 
• 4.8 µL NEB buffer 4 

Incubate at 37˚C for 2 hours or at room temperature overnight. 
 
A.1.5 Heat Shock Transformation 

• Combine 50 µL of heat shock competent cells with 10 µL of DNA in a 1.5 mL 
tube and incubate on ice for 30 min. 

• Heat shock at 42˚C for 1 ½ min. 
• Immediately add 900 µL of TB. 
• Rotate at 37˚C for 45 min. 
• Centrifuge at 6400 rpm for 1.5 min. 
• Decant ~ 800 µL, resuspend, and plate on the appropriate antibiotic resistant plate 

at 37˚C overnight.  
 
A.1.6 Electroporation 

• Desalt DNA using Milipore µm filters in ddH2O for 15 min 
• Chill cuvettes and 1.5 mL tubes on ice for 15 min 
• Combine 10 µL of desalted DNA with 50 µL of electrocompetent cells and 

transfer into pre-chilled cuvettes. 
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• Electroshock cells using the program for the appropriate size cuvette. If there is a 
popping noise of flash, then the DNA was not fully desalted or the wrong 
competent cells were used. 

• Immediately add 900 µL of TB. 
• Rotate at 37˚C for 45 min. 
• Centrifuge at 6400 rpm for 1.5 min. 
• Decant ~ 800 µL, resuspend, and plate on the appropriate antibiotic resistant plate 

at 37˚C overnight.  
 
A.1.7 DNA Subcloning 
A gene of interest is amplified and moved from the parent vector into the destination 
vector. 
 
Extra primer design considerations:  

• Primers should flank the gene of interest. 
• Primers should include desired restriction sites. 

 

PCR � DNA Agarose Gel (See Site-Directed Mutagenesis A.1.4) 
Gel Purify 

• Cut out band of interest from DNA Agarose Gel 
• Purify using gel purification kit (see QIAgen protocols). 

 
SfiI Digestion 

• 30 µL Gel Purified DNA or destination vector 
• 2 µL sfiI 
• 3.5 µL NEB buffer 2 

Incubate at 50˚C for 2 hours. 
 
DNA Agarose Gel � Gel Purify 

SfiI digested vectors will run as three bands (smallest to largest): insert, double cut 
vector, and single cut vector.  Be sure to cut out the double cut vector. 
 
Ligation Reaction 

• 7 µL DNA 
• 1 µL double cut destination vector 
• 1 µL T4 DNA Ligase 
• 1 µL T4 DNA Ligase Buffer (should smell like DTT) 

Incubate at room temperature for 4 hours or at 4˚C overnight prior to desalting and 
electroporation. 
 
A.1.8 Library Generation using Mutazyme 
Megaprimer Generation 
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• Design primers to flank the region to be randomized 
• Run PCR reaction (see site-directed mutagenesis) 

o Use mutazyme at TAQ conditions 
o Run DNA gel to confirm correct bandlength 
o Gel Purify the correct band (QIAquick Gel Extraction Kit) 

• Amplify through PCR with mutazyme using a nested 3’ primer at TAQ conditions 
o Run DNA gel to confirm 

 
dU-ssDNA Generation 

Day 1 
• Grow up 2 mL of CJ236 cells containing the template with 3 stop codons in the 

region to be mutated in MoPac24 at 37˚C for 5 hours. 
• Add ~3 µL of M13K07 helper phage (1010 final concentration). 

o Let sit at room temperature for 15 minutes. 
• Add 30 mL 2xYT, 25 µg/mL uridine, and antibiotics. 

o Shake at 25˚C shaker overnight. 
Day 2 

• Centrifuge at 15 krpm for 1 minute and transfer supernatant into new conical. 
• Add 7.5 mL 20% PEG/NaCl and mix. 

o Incubate at 4˚C for 1 hour 
• Centrifuge at 10 krpm for 10 minutes and decant. 
• Resuspend in ½ mL PBS and transfer into a 1.5 mL centrifuge tube. 
• Centrifuge at 13.2 krpm for 5 minutes. 
• Transfer supernatant and at 7 µL of MP buffer (QIAprep Spin M13 Kit) 

o Mix and incubate for 2 minutes 
• Transfer to QIAgen column and centrifuge at 8 krpm for 30 sec. 
• Add 700 µL MLB buffer and centrifuge. 
• Add 700 µL MLB buffer, incubate for 1 minute, and centrifuge. 
• Add 700 µL PE buffer and centrifuge. 
• Dry the column by centrifuging for 2 minutes at 13.2 krpm. 
• Transfer column into a new 1.5 mL centrifuge tube. 
• Add 100 µL EB buffer and incubate for 10 minutes. 
• Elute purified dU-ssDNA by centrifuging at 13.2 krpm for 1 minute. 

 
Phophorylation of Megaprimer (37˚C for 1 hr) 

Megaprimer   30 µL 
10x TM Buffer 4 µL 
10 mM ATP   4 µL 
100 mM DTT   2 µL 
T4 PNK   4 µL 

 
Annealing and Extension of Megaprimer (CCC-dsDNA) 
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Phosphorlyated Megaprimer  44 µL 
dU-ssDNA    1 µL 
10x TM Buffer  25 µL 
ddH2O    180 µL 
Total Volumes   250 µL  
RT for 5 minutes 

10 mM ATP   10 µL 
25 mM dNTPs  10 µL 
100 mM DTT   15 µL 
T4 Ligase   1 µL 
T7 polymerase  3 µL 
RT overnight

Desalt and Purify CCC-dsDNA 
• Add 500 µL QG Buffer. 
• Apply to two QIAgen columns and centrifuge. 
• Add 750 µL PE buffer and centrifuge. 
• Dry the columns by centrifuging at 13.2 krpm for 2 minutes. 
• Add 35 µL ddH2O and let sit for 2 minutes. 
• Elutes CCC-dsDNA by centrifuging at 13.2 krpm for 1 minute. 

 
Run a DNA gel using 1 µL of dU-ssDNA and CCC-dsDNA to confirm annealing and 
extension prior to electroporating into XLI-blue cells. 
 
A.1.9 QIAgen Plasmid Midi 

• Pellet a 25 mL overnight culture by centrifugation at 6000 x g for 15 min. 
• Decant.  Resuspend in 4 mL P1 Buffer. 
• Add 4 mL P2 buffer. Mix by inverting. Incubate at room temperature for 5 min. 
• Add 4 mL P3 buffer. Mix by inverting. Incubate on ice for 15 min. 
• Centrifuge at 20,000 x g for 30 min at 4˚C. 
• Transfer supernatant and re-centrifuge at 20,000 x g for 15 min at 4˚C. 
• Equilibrate a QIAgen-tip 100 by applying 4 mL of QBT buffer and allowing the 

column to empty by gravity flow. 
• Apply the supernatant to the column and allow it to enter the resin by gravity 

flow. 
• Wash the column with 2 x 10 mL of QC buffer through gravity flow. 
• Apply 5 mL of QF buffer to elute the DNA into a 15 mL centrifuge tube. 
• Add 3.5 mL isopropanol to the eluted DNA and mix to precipitate. 

o Centrifuge at 15,000 x g for 30 min at 4˚C. 
o Decant supernatant. 

• Wash with 2 mL of 70% ethanol 
o Centrifuge at 15,000 x g for 10 min at 4˚C. 
o Decant supernatant. 

• Air dry pellet for 5-10 min. 
• Redissolve DNA in a suitable volume of buffer. 

 

A.1.10 QIAprep Spin Miniprep 

• Pellet a 1.5 mL overnight culture by centrifugation at 10 krpm for 2 min. 
• Decant.  Resuspend in 250 µL P1 Buffer. 
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• Add 250 µL P2 buffer. Mix by inverting. 
• Add 350 µL N3 buffer. Mix by inverting. 
• Centrifuge at 13.2 krpm for 15 minutes. 
• Pour supernatant into QIAprep column and centrifuge at 13.2 krpm for ½ min. 
• Wash with 500 µL PB buffer.  Centrifuge at 13.2 krpm for ½ min. 
• Wash with 750 µL PE buffer.  Centrifuge at 13.2 krpm for ½ min. 
• Dry the column by centrifuging at 13.2 krpm for 2 min. 
• Transfer column into a new 1.5 mL centrifuge tube. 
• Add 50 µL EB buffer and let incubate at room temperature for 1 min. 
• Elute DNA by centrifugation at 13.2 krpm for ½ min. 

 
A.1.11 QIAquick Gel Extraction 

• Cut appropriate DNA band from DNA agarose gel. 
• Add 750 µL QG buffer. 

o Incubate at 55˚C for 10 minutes or until gel dissolves. 
• Add 250 µL isopropanol.  Mix by vortexing. 
• Apply to QIAprep column and centrifuge at 13.2 krpm for ½ min. 
• Wash with 500 µL QG buffer.  Centrifuge at 13.2 krpm for ½ min. 
• Wash with 750 µL PE buffer.  Centrifuge at 13.2 krpm for ½ min. 
• Dry the column by centrifuging at 13.2 krpm for 2 min. 
• Transfer column into a new 1.5 mL centrifuge tube. 
• Add 35 µL EB buffer and let incubate at room temperature for 1 min. 
• Elute DNA by centrifugation at 13.2 krpm for ½ min. 

 
A.1.12 Invitrogen – PureLink – Genomic DNA Mini Kit (Gram (-) bacteria) 

• Pellet a 1.5 mL culture by centrifugation at 13.2 krpm for 20 min. 
• Decant.  Resuspend in 180 µL Digestion Buffer. 
• Add 20 µL Proteinase K and vortex. 
• Incubate at 55˚C for ~1 hr with occasional vortexing. 
• Add 2 µL RNase A.  Vortex and incubate at room temperature for 2 min. 
• Add 200 µL Lysis/Binding Buffer and vortex into a homogenous solution. 
• Add 200 µL ethanol and vortex for 5 sec or until homogenous. 
• Transfer into a spin column and centrifuge at 10,000 x g for 1 min. 
• Put into a new collection tube. 
• Add 500 µL Wash Buffer 1 and centrifuge at 10,000 x g for 1 min. 
• Put into a new collection tube. 
• Add 500 µL Wash Buffer 2 and centrifuge at max rpm for 3 min. 
• Transfer into a sterile 1.5 mL centrifuge tube. 
• Add 50 µL Elution Buffer and incubate at room temperature for 1 min. 
• Centrifuge at max rpm for 1 min. 
• Add 50 µL Elution Buffer and centrifuge at max rpm for 1 min. 
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• Store DNA at 4˚C for short term or -20˚C for long term. 
 
A.1.13 Plasmid DNA Transfection 
Day 1 

• Aspirate media from CHO cells in 6-well tissue cultures plate. 
• Add 2 mL of media containing no antibiotics or serum. 
• Incubate at 37˚C with 5% CO2 overnight. 

Day 2 

• Dilute DNA in 250 µL of media containing no serum or antibiotics.  Mix gently. 
• Dilute LipofectamineTM 2000 in 250 µL of media containing no serum or 

antibiotics. 
• Incubate at room temperature for 5 min. 
• Combine the diluted DNA with the Lipofectamine.  
• Mix and incubate at room temperature for 20 min. 
• Add the complex to each well containing cells and medium. 
• Incubate at 37˚C at 5% CO2 for 4-6 hrs with gentle rocking. 
• Aspirate medium and add DMEM with antibiotics and serum. 

Incubate at 37˚C with 5% CO2 over night.
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A.2 Protein Production and Purification in Prokaryotes 

 

A.2.1 Growth of Bordetella 
Stainer-Sholte Modified Medium (SSM) 

Basal Medium (autoclave and store at 4˚C) 

• Glutamic acid, monosodium salt 5.35 g 
• Tris base    0.76 g 
• NaCl     1.25 g 
• KH2PO4    0.25 g 
• KCl     0.1 g 
• MgCl2–6H2O    0.05 g 
• CaCl2–0 H2O    0.01 g 
• ddH2O to     500 mL 
• Adjust with HCl to pH 7.6 (0.25-0.35 mL). 

 
Supplements (filter sterilize, aliquot <15 mL, and store at -20˚C) 

• 100x SSM Supplement 

� HCl    2 mL 
� ddH2O    6 mL 
� L-cysteine   0.8 g 
� ddH2O to    200 mL 
� Add more HCl if cysteine precipitates. 
� FeSO4-7H2O   0.2 g 
� Ascorbic acid   0.4 g 
� Nicotinic Acid (niacin) 0.08 g 
� Glutathione (reduced)  2 g 

• 100x proline supplement - 4.8 g L-proline / 200 mL ddH2O 

• Casamino acids supplement - 20 g casamino acids / 200 mL ddH2O 

• Heptakis supplement - 5 g heptakis / 20 mL ddH2O 

 

Blood plates 

• SSM basal media with 100 mL less ddH2O/L. 
• Add 15 g/L bacto agar. 
• Autoclave and cool to 50˚C. 
• Add 10 mL of 100x SSM supplement and proline supplement. 
• Heat sheep blood to 37˚C. 
• Pour blood down side of flask, swirl gently and pour plates (~20 

mL/plate). 
 
Growth of Bordetella 

• Streak bacteria from frozen stock onto blood plates and incubate at 37˚C. 
o Plates should show good hemolysis after 2-3 days of growth. 
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• Inoculate 2 mL of SSM after addition of supplements 
o 20 µL 100x SSM / 2 mL SSM 
o 20 µL 100x proline / 2 mL SSM 
o 30 µL casamino acids / 2 mL SSM 
o 8 µL heptakis / 2 mL SSM 

• Incubate stationary at 37˚C for 2-5 days. 
o Culture should look white. 

• Inoculate >100 mL of SSM with added supplements and incubate at 37˚C for an 
additional 2-5 days. 

 
A.2.2 Production of Recombinant Antibodies 
Using the pak400 and pMoPac54 Vectors in E. coli 

 
Day 1: Growth 

• Start 2 mL media culture with antibiotics during the day. 
• Inoculate 500 mL antibiotic media in 2 L flasks when A600 > 0.5. 

o Shake at 225 rpm and 25˚C overnight or until A600 > 0.5. 
 
Day 2: Expression and Fractionation 

• Centrifuge at 5 krpm for 10 min. 
• Decant and resuspend the pellet in 10 mL of media. 
• Return to the flask with the remaining 500 mL of media with antibiotics. 

o Shake at 225 rpm and 25˚C for 1-2 hrs. 
• Induce expression by adding 500 µL of 1 M IPTG. 

o Shake at 225 rpm and 25˚C for 4-5 hrs. 
• Centrifuge at 5 krpm for 10 min. 
• Decant and resuspend pellet in 10 mL sucrose mixture 

o 0.75 M sucrose, 0.1 M Tris pH 8.0, filter sterilized, and ice cold 
• Transfer equally to 4 centrifuge tubes and add 10 mL of sucrose mixture to each. 
• Dissolve ~10 mg lysozyme in 1 mL of 1 mM EDTA 

o 1 mM EDTA, pH 8.0, autoclaved and ice cold 
• Transfer equally and add 10 mL 1 mM EDTA to each tube. 

o Rotate at 4˚C for 20-60 min. 
• Add ½ mL MgCl2 and rotate at 4˚C for 10 min. 

o 0.5 M MgCl2 - 7 H2O 
• Centrifuge at 20 krpm for 20 min. 
• Transfer supernatant into dialysis tubing (~7 kDa MWCO). 
• Dialyze against 4 L dialysis buffer overnight (> 8 hrs) at 4˚C. 

o 10 mM Tris, pH 8.0, 0.5 M NaCl 
 
Day 3: Purification 
IMAC His Tag Purification Step 
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• Transfer into 50 mL conicals. 
• Adjust to 5-10 mM imidazole. 
• Add ½ mL charged IMAC resin to each tube. 

o Rotate at 4˚C for 3-18 hrs or at RT 30-60 min. 
• Centrifuge at 1 krpm for 2 min. 
• Decant and resuspend in 10 mL wash buffer 

o 20 mM Tris pH 8.0, 0.5 M NaCl, 20 mM imidazole, autoclaved 
• Repeat 
• Pour through the column to collect resin. 
• Wash 2 times with 10 mL of wash buffer. 
• Elute with 1 mL elution buffer 

o 0.1 M EDTA, 20 mM Tris pH 8.0, 0.5 M NaCl, autoclaved 
 
FPLC size exclusion purification 

• Equilibrate column with running buffer using a blank run 
o PBS or HBS filter sterilized 

• Load sample and run appropriate column 
o S200 or S75 

• Clean column using blank runs 
o ddH2O, 1 M NaOH, ddH2O, and 20% Ethanol 

 
Protein L Affinity purification 

Used as second purification step for humanized scAbs or scFvs 
• Allow column and buffers to equilibrate to room temperature. 
• Equilibrate column with 5-10 mL of binding buffer @ 1 mL/min. 

o 100 mM sodium phosphate, 150 mM NaCl, pH 7.2, filter sterilized 
• Dilute sample 1:1 in binding buffer and load onto column. 

o <80% of resin capacity 
• Wash with 5-10 mL of binding buffer or until absorbance approaches baseline. 
• Prepare fraction collecting tubes with 100 µL 1 M Tris pH 8.0 per 1 mL eluate. 
• Elute with 5 mL elution buffer 

o Gentle IgG Elution Buffer (Pierce #21004) 
• Collect 1 mL fractions. 
• Regenerate resin with 8 mL elution buffer. 
• Clean column with 5 mL ddH2O with 0.02% sodium azide.  Store upright at 4˚C. 

 
A.2.3 Purification of Inclusion Bodies and Refolding of Proteins 
Day 1: Growth 

• Start 2 mL media culture with antibiotics during the day. 
• Inoculate 500 mL antibiotic media in 2 L flasks when A600 > 0.5. 

o Shake at 225 rpm and 25˚C overnight or until A600 > 0.5. 
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Day 2: Expression and Lysis 
• Centrifuge at 5 krpm for 10 min. 
• Decant and resuspend the pellet in 10 mL of media. 
• Return to the flask with the remaining 500 mL of media with antibiotics. 

o Shake at 225 rpm and 25˚C for 1-2 hrs. 
• Induce expression by adding 500 µL of 1 M IPTG at A600 ~ 1.0. 

o Shake at 225 rpm and 25˚C for 4-5 hrs. 
• Centrifuge at 5 krpm for 10 min. 
• Decant and resuspend pellet in 4 mL of ice cold PBS 
• Lyse the cells using the French Press 
• Add PBS + 0.5% Triton-X-100. 

o Centrifuge at 20 krpm for 20 min. 
o Decant and repeat 3X. 

• Add PBS + 0.5% Triton-X-100 
o Rotate at 4˚C overnight. 

 
Day 3: Refolding 

• Add PBS + 0.5% Triton-X-100. 
o Centrifuge at 20 krpm for 20 min. 
o Decant and repeat 3X. 

• Transfer into a 1.5 mL centrifuge tube and centrifuge at 13.2 krpm for 20 min. 
• Decant and store pellet at -20˚C. 
• Dissolve a fraction of the pellet in 8 M urea-PBS. 
• Dialyze overnight at 4˚C in 4 L of dialysis buffer. 

o 10 mM Tris, pH 8.0, 0.5 M NaCl 
 
Day 4: Refolding and Purification 

• Centrifuge dialysate at 3750 rpm for 30 min. 
• Pellet 

o Dissolve with 5 mL of 8 M urea-PBS. 
o Dialyze by drop-wise addition to 150 mL of dialysis buffer. 
o Separate into 4 x 50 mL conicals. 

• Supernatant and Pellet 
o Adjust to 10 mM imidazole. 
o Add ½ mL charged IMAC resin. 

� Rotate at 4˚C for 3-18 hrs or at RT 30-60 min. 
o Centrifuge at 1 krpm for 2 min. 
o Decant and resuspend in 10 mL wash buffer 

� 20 mM Tris pH 8.0, 0.5 M NaCl, 20 mM imidazole, autoclaved 
o Repeat 
o Pour through the column to collect resin. 
o Wash 2 times with 10 mL of wash buffer. 
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o Elute with 1 mL elution buffer 
� 0.1 M EDTA, 20 mM Tris pH 8.0, 0.5 M NaCl, autoclaved 

o FPLC size exclusion purification 
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A.3 Eukaryotic Cell Growth and Antibody Production 
 
A.3.1 Viability Assay – Trypan Blue 
Freshney, R.I., 1994.  Culture of Animal Cells: A Manual of Basic Technique.  3

rd
 Ed. Wiley-Liss. New 

York, USA 

Used to measure the percentage of a eukaryotic cell suspension that is viable.   
• Prepare a cell suspension of 106 cells/mL. 
• Dilute 5 µL of the suspension with 5 µL of a 0.4% trypan blue solution (1:1).  
• Load 10 µL of the suspension/dye onto the hemocytometer. 
• Let sit for 1-2 min. 
• Count the number of stained cells and the total number of cells. 
• Calculate the percentage of unstained (viable) cells 

 

%100
cells ofnumber  Total

cells stained ofNumber  - cells ofnumber  Total
% ×=Viability  

 
 
A.3.2 Rapid Single-Cell Cloning by Limiting Dilution 
Adapted from “Antibodies” by Harlow and Lane 

Used to isolate and expand a single-1B7 hybridoma cell for improved mAb production. 
• Add 150 µL/well and 100 µL/well of IMDM 1B7 hybridoma media (See Growth 

of Hybridomas) to column 1 and columns 2-12, respectively, on a 96-well tissue 
culture plate.  

• Add 100 µL of the hybridoma cell suspension (~106 cells/mL) to the top left-hand 
corner well (A1) and mix by pipetting. 

• Mix and transfer 100 µL down the far left column of the plate (1:2 dilutions). 
• Mix and transfer 50 µL across the plate (1:3 dilutions). 
• Incubate at 37˚C in the presence of 5% carbon dioxide and check the cells under 

the microscopy every few days until they are ready to screen (~1-2 weeks). 
• Screen a selection of wells.  Pipet out 50 µL from the wells to be screened.  

Centrifuge at 800 rpm for 5 minutes.  Filter sterilize the supernatant using a 0.45 
µm filter.  Use the filtered supernatant in an indirect PTx ELISA (See Indirect 
ELISAs) to check for mAb 1B7 production. 

• Select the best wells (the most dilute wells which had high mAb 1B7 activity) and 
repeat the cloning procedure. 

• After two rounds have been completed, select the best well and expand for either 
freezing or mAb production. 

 
A.3.3 Growth of mAb 1B7 (anti-PTx) Hybridomas 
Media 

IMDM (Sigma)   500 mL  
Gentamicin (10 mg/L)  0.5 mL (10 mg/mL stock) 
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FBS (20%)    100 mL 
Insulin (bovine) (8 mg/L)  0.4 mL (10 mg/mL stock) 
 
Combine the following in 5 mL ddH2O, filter sterilize with 0.2 um filter syringe, 
and add to the above media: 
Glutamine (2 mM)   146 mg 
Beta-mercaptoethanol (0.05 mM) 1.7 µL  
Holo-transferrin (Fe-sat) (1 mg/L) 0.5 mg 
NaHCO3 (0.23%)   1.125 mg 
Sodium Pyruvate (1 mM)  55 mg 

 
Freeze cells in this media with 10% DMSO. 
Note: 

• Cells can take up to three weeks to start growing after thawing.  If they are 
growing, you will see an increase in cell density or sometimes small grape-like 
clusters.  Test the supernatant by ELISA to check for the presence of 1B7. 

• For antibody production and purification, the cells must be washed and grown in 
serum free media (Hybridoma SFM – Gibco #12045-084).  Otherwise, the 20 
mg/mL of bovine antibodies in FBS will co-purify with 1B7. 

 

A.3.4 1B7 mAb Production and Purification 
1B7 mAb Production 

• After washing and growing the hybridoma cells in serum free media, split the 
cells 1:3 in serum free media every 3-4 days until the desired final cell culture 
volume is obtained. 

• Let the cells grow and die in the media for approximately one month or until the 
media turns yellow. 

• Spin down the supernatant at 3000 rpm for 20 min to get rid of cell debris.  
Discard the pellet.  

• For supernatant volumes of less than 200 mL, filter sterilize using a 0.45 µm filter 
and load directly onto the column. 

 
Ammonium Sulfate Precipitation 

• For supernatant volumes greater than 200 mL, purify using ammonium sulfate 

precipitation. 
o Add 60% (w/v) ammonium sulfate (600 g/L of culture), gradually, in four 

parts (1 part per hour) while the supernatant is being slowly stirred at 4˚C. 
o Mix the supernatant slowly overnight. 
o Spin down the supernatant at 4000 rpm for 30 min. Collect the pellet and 

repeat until there is no more debris. 
o Resuspend the pellets in cold PBS (~50 mL final/1 L of original culture). 
o Spin down the resuspended pellet at 3000 rpm for 10 min to remove all 

particles. 
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o Add 1 tablet of protease inhibitors dissolved in 1 mL of PBS to the 
suspension. 

o Transfer into dialysis membrane and dialyze against 2 L of cold PBS for 2 
hours.  Add fresh dialysis buffer and dialyze for 2 more hours. 

o Transfer the antibody solution into a 50 mL conical and add another tablet 
of protein inhibitors dissolved in 1 mL of PBS. 

o Filter sterilize using a 0.45 µm filter and load onto the column. 
 

Ultrafiltration and Diafiltration (alternative to Ammonium sulfate precipitation) 

• For supernatant volumes greater than 200 mL, purify using ultra/diafiltration. 
o Assemble ultra/diafiltration cassette as shown in Figure A.1. 

 

 
Figure A.1. Schematic of ultra/dia filtration using the ultracassette.  Sample is 
pumped from the sample bucket through the pump and pressure gauge to the 
ultracassette where the backpressure created by clamping the retentate line 
determines whether the sample concentrates by discarding buffer and small 
molecules through the filtrate line or recycles through the retentate line. 

 
o Pump over 2 L of ddH2O from the sample bucket through the retentate by 

leaving the clamp on the retentate line open. 
o Pump over 2 L of ddH2O from the sample bucket through the filtrate by 

clamping the retentate line to create backpressure.  Be careful to avoid 
pumping air through the cassette. 

o Record the flow rate at your particular pump setting.  Note, the tubing is 
most stable when the gauge pressure is less than 30 psi. 

o Discard the water and add the filtered supernatant to the sample bucket. 

Clamp 

Pressure gauge 

Filtrate Line 

Retentate Line 

Pump 

Sample Filtrate 

Ultracassette 
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o Ultrafilter or concentrate your sample by pumping through the cassette. 
Make sure that the retentate line feeds back into your sample bucket.  The 
filtrate line will contain your waste.  The higher the back pressure created 
by clamping the retentate line, the faster the separation.  You are limited 
by the pressure that the tubing can handle.  

o Once you reach a small enough volume (~50 mL), buffer exchange by 
adding your desired buffer into the sample bucket with your concentrated 
sample and concentrate once more.  Repeat 3x. 

o Filter sterilize using 0.45 µm filter and store at 4˚C until able to separate 
on column. 

o Wash ultracassette. 
� Flush 500 and 100 mL PBS through the retentate and filtrate. 
� Circulate 1 M NaOH for 15 min through the retentate.  Then flush 

100 mL through the filtrate. 
� Flush 500 and 100 mL of ddH2O through the retentate and filtrate. 
� Measure the flow rate and compare with that prior to ultrafiltration. 

50-90% is good cleaning. 
� Flush 500 and 100 mL of NaOH through the retentate and filtrate. 
� Disconnect tubing and cap all ports of the ultracassette.  Store at 

4˚C. 
� Flush the tubing and pressure gauge with ddH2O. Dry and store in 

cabinet. 
 
Protein G Purification 

• The Protein G column was pre-equilibrated with 5-10 column volumes (CVs) of 
binding buffer (20 mM sodium phosphate, pH 7.0) at 5 mL/min until baseline. 

• Wash the column with binding buffer until baseline (~5-10 CVs). 
• Elute the antibodies with 5 CVs of elution buffer (0.1 M glycine, pH 2.7). 
• Collect 1 mL fractions in tubes containing 100 µL of neutralization buffer (1 M 

Tris, pH 8.0).  
• Wash the column with 20% Ethanol until baseline (~ 5 CV) and then store at 4˚C. 
• Pool and filter sterilize the resultant fractions with a 0.22 µm filter. Determine the 

final concentration and activity via BCA and ELISA, respectively. 
 

A.3.5 CHO Cell Neutralization Assay 
Hewlett et al., Induction of a Novel Morphological Response in Chinese Hamster Ovary Cells by Pertussis 

Toxin, 1983.  Infection and Immunity. 40: p. 1198-1203 

Gillenius et al., The standardization of an assay for pertussis toxin and antitoxin in microplate culture of 

Chinese hamster ovary cells, 1985.  J. Biological Standardization. 13: p. 61-66. 

This assay is used to determine the in vitro neutralization ability of antibodies and 
antibody fragments.  CHO cells naturally grow in an elongated morphology.  However, 
when exposed to PTx, their morphology changes and the cells grow in clusters. 
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Morphology is rated on a scale of 0 to 3 with 0 = no clustering and 3 = complete 
clustering 

 

• Dilute PTx in Dulbecco’s Modified Eagle Medium (DMEM) with 10% FBS to 
1.5 ng/mL, add 50 µL/well to a sterile 96 well tissue culture plate.   

• Add 23 µL of test sera, 1B7 mAb at 10,000 molar excess, or 1B7 scAb at 100,000 
molar excess in DMEM with 10% FBS (filter sterilized) into the top row of the 
plate and serially dilution 1:√10 down each column. This results in a PTx 
concentration of 1.0 ng/mL.    

• Mix and incubate the plate for ½ hr at 37˚C with 5% CO2.  
• Wash confluent CHO cells twice with HBSS and trypsinized at 37˚C for 15 min. 
• Seed 100 µL/well freshly trypsinized CHO cells into the plates at approximately 

105 cells/well resulting in a final PTx concentration of 0.52 ng/mL-well.   
• Incubate at 37˚C with 5% CO2 for 24 hr. 
• Score the wells with a microscope based on clustering morphology. 

 
Notes: 

• The working concentration of PTx was determined from a preliminary toxin 
concentration series which resulted in scoring of 1 to 3 over the concentration 
range of 65-1039 pg/mL PTx.  In order to observe this same range with protective 
scAb activity, the lowest concentration resulting in complete clustering was 
chosen. 

•  CHO cells are very sensitive to any free PTx.  This results in the necessity of 
using high molar ratios of scAb (100,000) and mAb (10,000) to observe complete 
protection. 

• Neutralizing antibodies to PTx can be recorded in two ways: as the reciprocal 
dilution of serum/antibody that inhibits complete clustering (lowest dilution that 
scores 3) or that prevents any clustering (highest dilution that scores 0). 
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A.4 Protein Characterization – ELISAs 

 

A.4.1 Indirect ELISA 
Coating Buffer 

 PBS (PTx-S1-220 or other sensitive, low stability antigens) 
0.1 M NaHCO3 buffer, pH 9.6 

Blocking Buffers 

 PBS + 5% milk 
 PBS + 0.05% Tween + 4% BSA + 4% FBS (high background samples i.e. serum) 
Wash Buffer 

 PBS + 0.05% Tween 
 

• Coat plate with 50 µL/well antigen in coating buffer. 
o ~ 4 µg/mL or in serial dilutions starting at ~ 37 µg/mL 
o Incubate at 4˚C overnight or 14-24 hrs. 

• Block plate with 200 µL/well of blocking buffer. 
o Incubate at room temperature for 1 hr. 

• Wash 3X with wash buffer. 
• Add 50 µL/well of sample in blocking buffer.  

o Single concentration or in serial dilutions 
o Incubate at room temperature for 1 hr. 

• Wash 3X with wash buffer. 
• Add 50 µL/well of secondary antibody diluted 1:2500 in blocking buffer (no 

FBS). 
o Incubate at room temperature for 1 hr. 

• Wash 3X with wash buffer. 
• Add 50 µL/well TMB and allow color to develop at room temperature~ 5min. 
• Quench reaction by adding 50 µL/well of 1 N HCl. 
• Read plate on spectrometer at 405 nm. 

 

A.4.2 ATP + PDI Effects on 1B7-PTx Binding ELISA 
Blocking Buffer 

 PBS + 5% milk 
Wash Buffer 

 PBS + 0.05% Tween 
 

• Coat plate with 50 µL/well antigen in PBS. 
o 2 µg/mL PTx and 0.4 µM PTx-S1-220 
o Incubate at 4˚C overnight or 14-24 hrs. 

• Block plate with 200 µL/well of blocking buffer. 
o Incubate at room temperature for 1 hr. 

• Wash 3X with wash buffer. 
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• Add 50 µL/well of sample in blocking buffer.  
o Controls (in duplicates) 

� (+) 0.5 µg/well of antibody 
� (+) blocking buffer 
� (-) blocking buffer 
� (-) 8 µM PDI + 0.5 mM ATP + 2 mM GSH 

o Samples (in duplicates) 
� 0.5 mM ATP + 8 µM PDI + 2 mM GSH - 4 wells 
� 0.5 mM ATP + 8 µM PDI – 2 wells 
� 0.5 mM ATP + 2 mM GSH – 2 wells 
� 8 µM PDI + 2 mM GSH – 2 wells 
� 0.5 µg/well antibody -  6 wells 

o Incubate at 37˚C for 1 hr. 
• Wash 3X with wash buffer. 
• Add 50 µL/well of sample in blocking buffer.  

o Controls (in duplicates) 
� (+) blocking buffer  
� (+) 0.5 µg/well of antibody 
� (-) blocking buffer 
� (-) blocking buffer 

o Samples (in duplicates) 
� 0.5 µg/well antibody into previous ATP/PDI/GSH wells 
� In wells previous incubated with antibody – 2 wells each 

• 0.5 mM ATP + 8 µM PDI + 2 mM GSH 
• 0.5 mM ATP + 8 µM PDI 
• 0.5 mM ATP + 2 mM GSH 
• 8 µM PDI + 2 mM GSH 

o Incubate at 37˚C for 1 hr. 
• Wash 3X with wash buffer. 
• Add 50 µL/well of secondary antibody diluted 1:2500 in blocking buffer. 

o Incubate at room temperature for 1 hr. 
• Wash 3X with wash buffer. 
• Add 50 µL/well TMB and allow color to develop at room temperature~ 5min. 
• Quench reaction by adding 50 µL/well of 1 N HCl. 
• Read plate on spectrometer at 405 nm. 

 

A.4.3 ATP-NAD Effects on 1B7-PTx Binding ELISA 
Blocking Buffer 

 PBS + 5% milk 
Wash Buffer 

 PBS + 0.05% Tween 
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• Coat plate with 50 µL/well antigen in PBS. 
o 2 µg/mL PTx and 0.4 µM PTx-S1-220 
o Incubate at 4˚C overnight or 14-24 hrs. 

• Block plate with 200 µL/well of blocking buffer. 
o Incubate at room temperature for 1 hr. 

• Wash 3X with wash buffer. 
• Add 50 µL/well of sample in blocking buffer.  

o Controls (in duplicates) 
� (+) 0.5 µg/well of antibody 
� (+) blocking buffer 
� (-) no antibody 

o Single Concentration (in duplicates) 
� 4 columns of 0.5 µg/well antibody 

o Serial Dilutions (in duplicates) 
� 2 columns of 1:2 dilutions of ATP starting at 0.5 mM 
� 2 columns of 1:2 dilutions of NAD starting at 7.5 µM 

o Incubate at 37˚C for 1 hr. 
• Wash 3X with wash buffer. 
• Add 50 µL/well of sample in blocking buffer.  

o Controls (in duplicates) 
� (+) blocking buffer 
� (+) 0.5 µg/well of antibody 
� (-) no antibody 

o Single concentration of 0.5 µg/well antibody in the previous serial dilution 
columns. 

o Serial dilutions in the previous single concentration columns. 
� 1 column of 1:2 dilutions of ATP starting at 0.5 mM 
� 1 column of 1:2 dilutions of NAD starting at 7.5 µM 

o Incubate at 37˚C for 1 hr. 
• Wash 3X with wash buffer. 
• Add 50 µL/well of secondary antibody diluted 1:2500 in blocking buffer. 

o Incubate at room temperature for 1 hr. 
• Wash 3X with wash buffer. 
• Add 50 µL/well TMB and allow color to develop at room temperature~ 5min. 
• Quench reaction by adding 50 µL/well of 1 N HCl. 
• Read plate on spectrometer at 405 nm. 

 

A.4.4 Competition ELISA 
Menzies et al., Development and analytical calidation of immunoassay …, Clin. Vaccine Immun, 2009 
Coating Buffer 

 PBS (PTx-S1-220 or other sensitive, low stability antigens) 
0.1 M NaHCO3 buffer, pH 9.6 

Blocking Buffers 
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 PBS + 5% milk 
 PBS + 0.05% Tween + 4% BSA + 4% FBS (high background samples i.e. serum) 
Wash Buffer 

 PBS + 0.05% Tween 
 

• Coat plate with 50 µL/well antigen in coating buffer. 
o ~ 4 µg/mL or in serial dilutions starting at ~ 37 µg/mL 
o Incubate at 4˚C overnight or 14-24 hrs. 

• Block plate with 200 µL/well of blocking buffer. 
o Incubate at room temperature for 1 hr. 

• Wash 3X with wash buffer. 
• Add 50 µL/well competing antibodies in blocking buffer.  

o First add serum in serial dilutions (up to 45 µL/well final volume). 
o Then add your antibody of known concentration and kinetics at a single 

concentration to each well. 
o Incubate at room temperature for 1 hr. 

• Wash 3X with wash buffer. 
• Add 50 µL/well of secondary antibody specific to the antibody at a single 

concentration diluted 1:2500 in blocking buffer (no FBS). 
o Incubate at room temperature for 1 hr. 

• Wash 3X with wash buffer. 
• Add 50 µL/well of TMB and allow color to develop at room temperature~ 5min. 
• Quench reaction by adding 50 µL/well of 1 N HCl. 
• Read plate on spectrometer at 405 nm. 

 

A.4.5 ELISA - pH and Temperature Effects 
Blocking Buffer 

 PBS + 5% milk 
Wash Buffer 

 PBS + 0.05% Tween 
pH Buffers (titrate to pH with 1 N HCl after addition of milk) 

 pH 7.2  50 mM Tris-HCl + 5% milk 
 pH 7.0  20 mM Bis-Tris + 5% milk 

pH 6.5  20 mM Bis-Tris + 5% milk 
pH 6.0  20 mM Bis-Tris + 5% milk 
pH 5.5  20 mM L-histidine + 5% milk 
pH 5.0  20 mM L-histidine + 5% milk 

 
• Coat plate with 50 µL/well antigen in PBS. 

o 2 µg/mL PTx and 0.4 µM PTx-S1-220 
o Incubate at 4˚C overnight or 14-24 hrs. 

• Block plate with 200 µL/well of blocking buffer. 
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o Incubate at room temperature for 1 hr. 
• Wash 3X with wash buffer. 
• Add 50 µL/well of sample in pH buffers with milk.  

o Single concentration or in serial dilutions starting around 5 µg/mL. 
o Incubate at desired temperature (4, 25, 37, 42, or 55˚C) for 1 hr. 

• Wash 3X with wash buffer. 
• Add 50 µL/well of secondary antibody diluted 1:2500 in blocking buffer. 

o Incubate at room temperature for 1 hr. 
• Wash 3X with wash buffer. 
• Add 50 µL/well TMB and allow color to develop at room temperature~ 5min. 
• Quench reaction by adding 50 µL/well of 1 N HCl. 
• Read plate on spectrometer at 405 nm. 

 

A.4.6 Haptoglobin ELISA 
Roles of Disulfide.. Antoine and Locht, I&I, 1990 

Coating Buffer 

0.1 M NaHCO3 buffer, pH 9.6 
Blocking Buffer 

 PBS + 0.05% Tween + 4% BSA + 4% FBS (high background samples i.e. serum) 
Wash Buffer 

 PBS + 0.05% Tween 
Developing Buffer 

0.1 M citrate buffer, pH 4.5 
0.4 mg/mL O-phenylenediamine dihydrochloride (P-4664 Sigma) 
1 µL/mL hydrogen peroxide 

 
Day 1 

• Coat plate with 50 µL/well of haptoglobin at 2 µg/mL in coating buffer. 
o Incubate at 4˚C overnight or 14-24 hrs. 

Day 2 
• Wash 3X with wash buffer. 
• Block plate with 200 µL/well of blocking buffer. 

o Incubate at room temperature for 6 hrs. 
• Combine 5 µg/well of antibody (1B7) with PTx at 2 µg/mL in blocking buffer 

with no FBS for a total volume of 50 µL/well.  
o Incubate at 37˚C for 1 hr. 

• Wash 3X with wash buffer. 
• Add 50 µL/well of antibody (1B7) – PTx complex. 

o Incubate at 4˚C overnight or 14-24 hrs. 
Day 3 

• Wash 3X with wash buffer. 
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• Add 50 µL/well of anti-mouse-IgG-Biotin (MP #55587) at 1/500 dilution in wash 
buffer. 

o Incubate at 37˚C for 1 ½ hrs. 
• Wash 3X with wash buffer. 
• Add 50 µL/well streptavidin-HRP (Pierce #21130) at 1/8000 dilution in blocking 

buffer. 
o Incubate at 37˚C for ½ hr. 

• Wash 3X with wash buffer. 
• Add 50 µL/well of developing buffer. 

o Develop at room temperature in the dark for ~ 5 min. 
• Quench reaction by adding 50 µL/well of 3 N HCl. 
• Read plate on spectrometer at 492 nm. 
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A.5 Protein Characterization – SDS-PAGE Gels 

 

A.5.1 SDS-PAGE Gel Casting 
12% Resolving Gel 

H2O     17.2 mL 
40% Acrylamide Mix   12 mL 
1.5 M Tris pH 8.8    10 mL 
10% SDS     0.4 mL 
10% Ammonium Persulfate  0.4 mL 
TEMED     0.016 mL 

Add TEMED and Ammonium Persulfate simultaneously as a last ingredient. 
Pour into gel casters using 5 mL pipet slightly below the green line. 
Add isopropanol using 5 mL pipet and let polymerize for 30 min. 
 
5% Stacking Gel 

H20     9.8 mL 
40% Acrylamide Mix   1.96 mL 
0.5 M Tris 6.8    4.0 mL 
10% Ammonium Persulfate  0.16 mL 
TEMED     0.016 mL 

Add TEMED and Ammonium Persulfate simultaneously as a last ingredient. 
Pour into gel casters using 5 mL pipet and fill to the top. 
Put in combs (avoiding air bubbles). 
Let polymerize for 30 min at room temperature. 
 
Storage 

Wrap each gel in a wet paper towel.  
Store in a plastic bag at 4˚C for up to 3 months. 
 

A.5.2 Running SDS-PAGE Gels 

• Prepare samples for loading. 
o 0.02 – 10 µg of protein. 

� < 10 µL/sample for 15 well gel 
� < 30 µL/sample for 10 well gel 

o Add 10 µL 6x non-reducing of reducing loading buffer. 
o Incubate at 55˚C for 10 min. 

• Assemble the gel running apparatus. Fill the center reservoir completely and the 
outer reservoir just past the bottom of the gel with SDS-PAGE running buffer. 

o SDS-PAGE running buffer 
� Glycine 58 g 
� Tris  24 g 
� SDS  8 g 
� ddH2O to 8 L 
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• Load SDS-PAGE gel. 
o 10 or 15 µL protein ladder for 15 or 10 well gel, respectively. 

• Run at 120 V for 1 hr or until loading buffer band is at the bottom of the gel. 
• Transfer gel into tray and stain/destain. 

o Coomassie Staining (1.5 – 10 µg) 
o GelCode Blue Staining (1.5 – 10 µg) 
o Silver Staining (20 – 50 ng) 

• After taking pictures of the gel, soak in dry ease for 10 min. 
o Dry Ease 

� Ethanol 10% 
� Glycerol 5% 

• Mount 
o Assemble drying rack 
o Sandwich gel in between cellulose paper presoaked in dry ease. 

� Be careful to avoid air bubbles. 
• Dry at room temperature overnight. 

 

A.5.3 Coomassie Stain 
Coomassie Stain 

Methanol   50% 
Coomassie Brilliant Blue 0.05% 
Acetic Acid   10% 
ddH2O    40% 

 

Destain 

Acetic Acid 7% 
Methanol 5% 
ddH2O  88% 
 

• Add 100 mL Coomassie stain and rock at room temperature overnight. 
• Decant used stain into the “used Commassie” bottle. 
• Rinse with 100 mL ddH2O. 
• Add 100 mL destain and a rolled up kimwipe. Rock at room temperature 

overnight or until background is negligible. 
 
A.5.4 GelCode Blue Stain 

• Wash gel 2x with 100 mL ddH2O. 
• Add 100 mL ddH2O and rock for 10 min. 
• Add 100 mL Gelcode blue stain reagent (Pierce) and rock for 1 hr. 
• Add 100 mL ddH2O and rock for 1 hr or until background is negligible. 

 
A.5.5 Silver Stain 
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Stock Buffers 

• Fixing Solution 
o Ethanol, absolute    400 mL 
o Acetic acid, glacial    100 mL 
o ddH2O to 1 L 

• Sensitizing Solution 
o Ethanol, absolute    300 mL 
o Sodium acetate, anhydrous   68 g 
o Sodium thiosulphate, pentahydrate  2 g 
o ddH2O to 1 L 
o 25% glutaraldehyde (1 hr prior to use) 0.5 mL / 100 mL 

• Silver Solution 
o Silver nitrate     2.5 g 
o ddH2O to 1 L 
o 37% formaldehyde (1 hr prior to use)  40 µL / 100 mL 

• Developing Solution 
o Sodium carbonate, anhydrous   25 g 
o ddH2O to 1 L 
o 37% formaldehyde (1 hr prior to use)  20 µL / 100 mL 

• Stopping Solution 
o Na2EDTA     15 g 
o ddH2O to 1 L 

• Preserving Solution 
o Ethanol, absolute    300 mL 
o Glycerol     40 mL 
o ddH2O to 1 L 

 
Staining Procedure 
All volumes are 100 mL and incubations are with rocking at room temperature. 

• Fixing Solution  30 min 
• Sensitizing Solution  30 min 
• ddH2O 3x    5 min 
• Silver Solution  20 min 
• ddH2O 2x    1 min 
• Developing Solution   3-5 min 
• Stopping Solution   10 min 
• ddH2O 3x    5 min 
• Preserving Solution   30 min 
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A.6 Protein Characterization – Other 
 
A.6.1 BIAcore3000 – Kinetic Analysis 
Loading your Chip (wear gloves when handling chips) 

• Under Tools � Working Tools, run desorb and sanitize using a maintenance chip. 
o Desorb – 0.5% SDS 
o Sanitize – 1% Bleach and running buffer or ddH2O 

• Under Command � Undock, undock the maintenance chip. 
o Press down and pull to open the loading area. 
o Slide the black piece down to remove the chip. 
o Store old chips in 50 mL conical with 200 µL of running buffer. 
o Seal and store at 4˚C for up to 3 months. 

• Insert a new chip.  Dock the chip and prime 2x (under Working Tools) with your 
running buffer (~7 min each). 

 

Coupling a CM5 Chip 

• Under Run � Start Sensorgram, choose the flow cell to couple. 
• Set the flow rate at 5 µL/min. 
• pH Scouting 

o Under Command � Inject, inject 10 µL with extra cleanup of your protein 
at ~15 µg/mL in 0.1 M NaAc pH 4.5 (40 µL total with dead volume). 

o Watch the response on screen, if the curve looks good then continue to 
surface activation.  If not, then either increase/decrease the concentration 
or try a different pH. 

• Activate the surface by injecting 35 µL of 50/50 NHC/EDS with extra cleanup. 
• Approximate the amount of volume needed to reach 1000 RU (aim for under, can 

always add more but cannot take off).  Assume a linear calculation based your pH 
scouting. Make sure you have enough solution. 

• Inject your protein to achieve ~1000 RU with extra cleanup. 
• If 1000 RU is not reached, continue to inject more of your protein unless a 

maximum has been reached (500 RU is the minimum). 
• Quench the reaction by injecting 70 µL EtOH-NH3 with extra cleanup. 
• After quench, record the final RU coupled to the chip (RUfinal – RUpost-activation). 

 

Kinetic Runs 

• Prepare samples at 5 different concentrations in running buffer with enough to run 
duplicates over two flow cells (blank + coupled protein). 

• Set up the wizard. 
o Run � Application Wizard � Kinetic Analysis � Concentration Series 

� Direct Binding 
o Select 4-3, 50 µL/min, 5 min dissociation, 1 min injection 
o Enter dilution series running from lowest concentration to highest. 
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o Regenerate using a single 30 sec inject of 2 M MgCl2 at 30 µL/min with a 
2 min stabilization time. 

o Change the Rack to ThermoB and locate the cells of your samples. 
� Make sure you have enough volume for each sample. 

• Run the wizard (~15 min/run). 
• Clean the machine by running desorb and sanitize after undocking your chip. 

 
Data Analysis 

• In the BIAevaluation software, open the 4-3 curves for your runs and plot. 
• Cut the quench region (visible on the far right) by right clicking and highlighting. 

o Optional: Cut the regions before the pump change and inject. 
• Normalize the baseline by highlighting the region prior to injection. 

o Select Y-Transform, zero at the average of the selection. 
o Apply to the entire set and replace original. 

• Fit � Separate Kinetics � Dissociation 
o Open split view and select dy/dx. 
o Move arrows to select the dissociation region of the curve. This should 

correspond to the linear portion of the split view diagram. 
� Attempt to keep this region consistent between runs. 

o Once region is selected, press FIT. 
o The calculated kds should all be the same and the chi2 should be small. 

• FIT � Separate Kinetics � Association 
o Open split view and select ln(abs(dy/dx)) and set zero to your y-transform. 
o Move arrows to select the association region of the curve. This should 

correspond to the linear portion of the split view diagram. 
� Attempt to keep this region consistent between runs. 

o Once region is selected, add your saved kd values to the chart. 
o Press FIT, chi2 should be small. 

 

A.6.2 BIAcore3000 – van’t Hoff Analysis 
The protocol is the same as A.6.1 BIAcore3000 – Kinetic Analysis 

• Prior to setting up the wizard for the Kinetic runs, under Command � Set 
Temperature, set the temperature for your runs (~ 1 hr / 5˚C)/ 

• At least five different temperatures need to be run. 
 
Van’t Hoff Analysis 

• Plot ln(KA) v. 1/T 
o ∆Ho = - slope/R 
o ∆Go = - RToln(KAo) 
o To = 25˚C 
o ∆S = intercept * R 

• Calculate –T∆S for each temperature. 
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• Calculate ∆G = - RT ln(KA) for each temperature. 
• Calculate ∆H = ∆Ho + ∆Cp (T-To) for each temperature using a guess for ∆Cp. 
• Calculate R ln(KA/KAo) for each temperature. 
• Calculate the estimated R ln(KA/KAo) = (1/To – 1/T)(ln(T/To) - To∆Cp) + ∆Cp 

ln(T/To) for each temperature. 
• Calculate the difference squared between these actual and estimated values. 
• Use solver to minimize the sum of the differences squared by changing ∆Cp.  

 
A.6.3 BiCinchoninic Acid (BCA) Protein Assay 

• In a low binding 96-well plate, prepare standard in one column. 
o Add 50 µL/well ddH2O to all wells. 
o Add 50 µL of bovine serum albumin at 2.0 mg/mL to the first well. 
o Mix and transfer 50 µL/well for a 1:2 dilution. 

• Add 50 µL/well of your protein of interest in duplicates. 
• Add 50 µL/well of ddH2O as a negative control. 
• Mix reagents A and B at a 50:1 ratio and add 200 µL/well to each well. 
• Incubate at 37˚C for 20 min. 
• Read at 562 nm. 
• Fit a line to your standard and use this fit to calculate your protein concentration. 

 

A.6.4 Circular Dichroism 
Sample Prep 

• >200 µL 
• Filter sterilized PBS 
• 1-10 µM 

Instrument Start-up (~45 min) 

• Open the main N2 gas line to ~80%. 
• Adjust the flow rate on the front right side of the instrument setting the top of the 

metal float at 20. 
• Let nitrogen purge the instrument for 15 min. 
• Turn on the instrument by pressing the green button on the front left side. 
• Open the computer program on the desktop called “spectra manager.” 
• Open the sub-program “spectrum measurement”. 

o This automatically turns on the lamp. 
• It will run a self-diagnostic test 

o If the HT diagnostic is too low it means the cover is not closed all the way. 
o Push down on the cover and re-open the subprogram 

• Let the lamp warm-up for an additional 30 min. 
Instrument SetUp 

• If you require a low-end wavelength less than 200 nm, set the nitrogen gas flow 
meter on the instrument according to the following: 

o 195 nm  30 
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o 190 nm or below 40 
• Select the lamp to check the number of hours on the lamp. 

o If it is close to 1000 hours, note this in the logbook and email the 
instrument manager. 

• Under parameters, set the number of accumulations, typically 3-5. 
• Under the data file tab 

o Check the “autosave” box. 
o Change the folder by using the browse button to your folder. 
o Insert the file name for your first sample and click “save”. 
o Check the serial numbers box. 

• Select baseline correction. 
o Uncheck the baseline correction box and run a blank with your buffer. 
o Select the file containing the data. 
o Check the baseline correction box to automatically subtract your baseline 

from your sample scans. 
Taking Measurements 

• Transfer sample into cuvette and insert into machine. 
• Close the lid. 
• Under the control menu, change the wavelength to the lowest wavelength of your 

scan.  Make sure the voltage is less than 900. 
o If voltage is > 900, you can dilute your sample or change buffers. 

• Run spectrum measurement. 
• Take cuvette out of the machine and save the sample by transferring it into a new 

1.5 mL tube. 
o Clean the cuvette 3x with PBS if you have more samples to run. 
o Clean the cuvette 3x with acetone or methanol if runs are completed. 

• Export and save data as txt files. 
• Analyze secondary structure using the same software. 

Instrument Shutdown 

• Turn off the lamp. 
• Turn off the machine by pressing the green button on the front left side. 
• Close the program. 
• Let sit for 15 min. 
• Close the N2 gas line. 

 

A.6.5 Crystallization 
Preparation 

• Filter the samples using 0.25 µm spin column. 
• Open the Phoenix Program on the computer. 

o Switch the machine on before attempting to connect. 
o Press “connect” in the program.  
o Prepare samples. 
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o Solutions used: 
� 2% Micro-90 (used to wash the nano) 
� DI water in the inlet 
� Waste dumped in sink (do not touch bottom cap, pour from top) 
� 20% Ethanol from 100% 

• Prime – using the fill and empty on blue box for each 
o Nano Wash: Small tube � Small box (Remove all air bubbles, right side 

to be empty)  
o Head Wash: Big tube � 96 syringe 
o *Make sure to remove all the water from each of the bins so as not to 

overflow them when actually running the programs 
• Open Program: 96 Head Wash (with ethanol) � Tray 6 – 20% Ethanol 
• Run will give you all the possible options, only when you click done will the 

program actually start! 
o *Make sure that the reservoirs are located where they should be on the 

program protocol and empty locations should be empty! 
• After removing the silver block for 96 well, check the holes for blockage of liquid 

from previous screens 
• Run program: Nanoclean – w/ micro_90 (2%) in designated Tray 
• Check the upper and lower deck 

Running Protocol 

• Run Program to actually start the droplet dispensing 
• New shallow intelliplate - Protein first, .2+.2, Micro-90 Wash 

o Must use the shallow intelliplate program because that fits the dimensions 
of our plates and will not risk bending the head needles.  

• Follow the instructions 
• Place 75 µL of protein (sample + dead volume) into a PCR tube with no top in 

A1. 
• Place an empty PCR tube with no top in C1 for dispensing excess proteins. 
• Make sure screen block is in the correct tray and that all wells contain liquid.  The 

program will pick up 80 µL and dispense 70 µL (55µl and 50µL in this protocol). 
• Double check that all trays designated on the program are in the correct location, 

in addition remove any trays that are not designated. 
• Click Done to actually run the program 
• Once droplets are dispensed there will be a stop, immediately pull the plate off 

and place the crystal clear tape over the wells.   
o Make sure that when tape covers a complete well not just half! 
o Make sure it is well sealed and be careful not to make any jarring moves! 

• Click Continue to allow the program to keep going 
Shutdown Process 

• Use hard water and DI in the washes (repeat the washes from previous) 
• Hit Disconnect in the program 
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• Close the Phoenix Program 
 
A.6.6 Pre-Crystallization Test (Hampton Research, HR2-140) 

• Pipet 0.5–1 mL PCT Reagent A1 into reservoir A1 of the VDX plate greased. 
• Pipet 0.5-1 mL of PCT reagent A2 into reservoir A2 of a greased VDX plate. 
• Pipet 0.05-1 µL of protein sample onto the center of a single glass cover slide. 
• Pipet a volume equal to that used in step 2 of PCT reagent A1 from reservoir A1. 

into the sample drop on the siliconized cover slide.  Do not mix the drop. 
• Invert the cover slide with the drop over reservoir A1 and seal. 
• Repeat steps 2-4 for reagent and reservoir A2. 
• Wait 30 min. 
• View the two drops using a light microscope with magnification between 20 and 

100x.  
o The ideal drop should have a microcrystalline or light granular precipitate 

throughout the drop. 
• Compare your results to Table 1 and proceed as suggested. 

 
PCT Reagent A1/B1 Results PCT Reagent A2/B2 Results Action 

Heavy amorphous precipitate Heavy amorphous precipitate Dilute sample 1:1, repeat 
Clear Clear Concentrate sample to half volume 

Repeat 
Light granular precipitate Clear Perform screen 
Clear Light granular precipitate Perform screen 
Heavy amorphous precipitate Light granular precipitate Perform screen 
Heavy amorphous precipitate Clear Perform PCT with B1 & B2  

Perform diagnostic testing 
Clear Heavy amorphous precipitate Perform PCT with B1 & B2 

Perform diagnostic testing 
 
A.6.7 FACS 
FACS buffer 

50 mL   filter sterilized PBS 
50 µL   BSA 
0.5 µL   of 0.05 g/mL Na-Azide 

Sample Preparation 

• Incubate PTx with antibody in FACS buffer (50 µL total volume) for ½ hr at 
room temperature. 

o Sample: 1 µL PTx (1/1000 dilution) + 5 µL 1B7 
o Controls: 

� 1 µL PTx (1/1000 dilution) + 4 µL 11E6 
� 1 µL PTx (1/1000 dilution) + 41.5 µL c-myc 
� 1 µL PTx (1/1000 dilution) 
� Nothing 

• Incubate with 2 µL anti-mouse-IgG-FITC. 
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o In the dark at room temperature for ½ hr 
• Wash with HBSS 2x and trypsonize CHO cells. 
• Determine cell concentration with hemocytometer. 
• Wash cells with 5 mL FACS buffer. 
• Centrifuge at 800 rpm for 5 min and aspirate. 
• Resuspend cells in enough volume to add 250 µL of cells to each sample. 

o Incubate on ice for ½ hour. 
• Adjust total volume to ½ mL with FACS Buffer. 

Using the FACSCalibur 

• Start-up 
o Check supply system is on. 
o Turn on Calibur (green button). 
o Prime 3x – move arm, move tube, HI Prime till red light goes out. 
o Put DI water on and replace the arm – switch to LO. 
o Turn on Computer (password – user). 
o Turn on cell quest pro. 

� open my template 
� acquire – connect to cytometer 
� cytometer – instrument setting-jamie-set-done 
� uncheck setup box on acquisition window 
� open cell counter 

• Running Samples 
o Change file pathway and press acquire. 
o Print results – show inspector – file – select file – print one 

• Shut-down 
 
A.6.8 Immunoblotting – Western Gels 
Western Transfer Buffer 

Tris Base 18.2 g 
Glycine 86.5 g 
Methanol 900 mL 
ddH2O to 6 L 

Day 1 
• After running SDS-PAGE Gel, cut a 7 x 20 cm piece of PVDF membrane. 
• Cut upper right hand corner of membrane. 
• Soak membrane. 

o Methanol for 5 min 
o Western transfer buffer for 10 min 

• Soak filter pads in western transfer buffer for 3 min. 
• Assemble the membrane sandwich. 

o Black – Pad - Filter Paper – Gel – Membrane - Filter paper – Pad - Clear 
• Place the sandwich into the transfer assembly with a stir bar. 
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o Black to black and clear to red. 
• Fill the transfer tank with western transfer buffer. 
• In fridge, transfer protein onto PVDF with stirring. 

o 14 V for 24 hrs; 37 V for 8 hrs; or 70 V for 2 hr 
Day 2 

• Remove membrane from transfer assembly and place face up in buffer tray. 
• Block with PBS-0.05% Tween-5% milk (PBS-TM) for 30 min with rocking. 
• Label with primary (~3 µg) in 10 mL PBS-TM for 1.5 hrs with rocking. 
• Rinse with PBS-Tween 2x. 
• Wash with PBS-Tween for 15 min with rocking. 
• Label with secondary (~1/2 µL) in 25 mL PBS-TM for 1 hr with rocking. 
• Rinse with PBS-Tween 2x. 
• Wash with PBS-Tween for 15 min with rocking. 
• Decant. Add 1 mL Dura Substrate and 1 mL Dura Enhancer (Pierce).  Spray 

membrane 10x and incubate for 5 min. 
• Wipe down counter with ethanol. 
• Lay down plastic wrap careful to minimize wrinkles. 
• Spray membrane again 10 times. 
• Pick up the membrane, wipe off excess substrate with a Kimwipe, and place face 

down on the plastic wrap avoiding bubbles. 
• Wrap up and tape face up in developing box. 
• Shut and lock developing box. 
• Take scissors, film, gloves, and the developing box into dark room. 
• In the dark, cut upper right hand corner of film. 

o Put into developing box so that it is flush with the bottom left hand corner. 
o Close the box and let sit for 5 sec – 30 min. 
o Remove film from the developing box and feed into the developer. 
o Repeat until correct incubation time is achieved. 

 

A.6.9 Immunofluorescence Microscopy 
Preparation and Labeling of the Samples 

Day 1 
• Seed CHO cells on autoclaved cover slips in a 6 well tissue culture plate. 
• Incubate at 37˚C with 5% CO2 until cells are ~70% confluents (1-2 days). 

Day 2 
• Wash 2x with HBSS. 
• Aspirate and add serum and antibiotic free RPMI with 2 mg/mL BSA to the cells. 
• Incubate at µwith 5% CO2 for ½ hour. 
• Incubate 10 nM PTx with 10,000 nM 1B7 or other co-trafficking antibody in 50 

µL 37˚C with 5% CO2 for ½ hour. 
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• Place 50 µL drop of PTx, PTx + antibody, transferrin-Cy3 at 25 µg/mL, and/or 
dextran-Cy3 at 200 µg/mL in RPMI with 2 mg/mL BSA on parafilm. 

• Place cover slip cell side down on the drop and incubate at 37˚C for desired 
trafficking time. 

• Rinse with PBS for 5 min in the 6 well plate. 
• Fix with 4% paraformaldehyde for 20 min at 37˚C. 

o Formaldehyde  4 mL 
o Sucrose  0.4 g 
o 10x PBS  1 mL 
o ddH2O to 10 mL total volume 

• Wash 3x with PBS for 10 min each. 
• Permeate cells with 3% FBS + 0.1% Triton X-100 in PBS for 1 hr at 37˚C. 
• Block with PBS + 3% FBS for 1 hr at 37˚. 
• Label by placing the cover slip cell side down on a 50 µL drop of primary 

antibody in PBS + 3% FBS on parafilm. 
• Incubate in a humid container at 4˚C overnight. 

Day 3 
• Wash 3x with PBS for 10 min each. 
• Label by placing the cover slip cell side down on a 50 µL drop of secondary 

antibody in PBS + 3% FBS on parafilm.  Incubate in the dark at 37˚C for 1 hr. 
• Wash 3x with PBS for 15 min each. 
• Mount on slides with 1 drop of fluoromount-G (SouthernBiotech). 
• Press gently with Kimwipe to remove excess and to seal the cover slip. 
• Allow the preps to air dry for 5 minutes before examination or storage at 4˚C. 

Fluorescence Microscopy 

• Startup 
o Turn on the arc lamp followed by the microscope. 
o Wait 2 min. 
o Boot up the Zeiss software. 

• Add a small drop of oil onto your slide and focus manually on the microscope. 
• Enter the Zeiss software, and change the light path from the eye to the camera. 
• Set gain equal to 4.  Do not change this setting once it is set for the experiment. 
• Set up multi-dimensional analysis 

o TxRed Channel ~1000 ms exposure 
o FITC Channel ~2189 ms exposure 
o DAPI Channel ~ 500 ms exposure 

• Save files as .avi and .tif.  Export file to save in color as a .jpeg. 
• Shutdown 

o Close the Zeiss software. 
o Wait 1 min. 
o Turn off the microscope followed by the arc lamp. 
o Clean the oil objective with optical tissue and MeOH only wiping once 
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o Log off, sign the log book, and cover the microscope. 
 
A.6.10 PEGylation of scAbs 
Day 1 

• Dilute scAb to 2 mg/mL in PBS for a final volume of 50 µL. 
• Add a two-fold molar excess (13.3 µM) of TCEP in PBS to reduce. 
• Incubate at 4˚C with rotation overnight. 

Day 2 
• Equilibrate sample to room temperature.  

o Set aside 52 µL of sample for reaction analysis 
• Dissolve 3.1 mg of PEG-maleimide in ½ mL of PBS 
• Add 30 µL of dissolved PEG every 10 min to reduced scAb for a final molar ratio 

of 5:1. 
• Remove aliquots for reaction analysis 

o 2 µL after 30 min and 1 hr 
o 2.5 µL after 1 ½ and 2 hrs 
o 100 µL at 2 hrs 
o 3 µL and 3.5 µl at 2 ½ and 3 hrs, respectively 

• Purify using size exclusion chromatography (SEC) on a S200 column. 
• Analyze reaction time steps on removed aliquots 

o SDS-PAGE gel on 1-3.5 µL aliquots 
o SEC on 50 and 100 µL aliquots 

 

A.6.11 Phage Library Panning 
Day 1 

• After electroporation, incubate in TB at 37˚C for 45 min. 
• Add ½ mL of culture to 2 mL of TB with antibiotics. 

o Incubate at 37˚C with shaking for 30 min. 
• Inoculate 30 mL 2xYT with antibiotics. 

o Incubate at 25˚C with shaking overnight. 
• Plate 100, 10, and 1 µL. 

o Incubate at 37˚C overnight. 
Day 2 

• Add 30 µL of 1 mM IPTG. 
o Incubate at 25˚C with shaking for 1 hr. 

• Add 30 µL of M13K07 helper phage for a final concentration of 1010 phage/mL 
o Incubate stationary at room temperature for ½ hr. 
o Incubate at room temperature with shaking for 1 ½ hrs. 

• Add 30 µL of kanamycin at 25 mM. 
o Incubate at 25˚C with shaking overnight. 

• Coat 2 wells at 50 µL/well of α-myc at 1 µg/mL 
o Incubate at 4˚C overnight. 
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Day 3 
• Block coated wells with 200 µL/well PBS/milk and leave at room temperature. 
• Start 2 x 2 mL cultures of ER2738 at 37˚C with shaking. 
• Centrifuge yesterday’s starters at 15 krpm for 10 min. 
• Add 7.5 mL of 20% PEG/NaCl to the 30 mL of supernatant. 

o Mix and incubate at 4˚C for 1 hr. 
• Centrifuge at 10 krpm for 10 min. 

o Decant and dry upside down on a paper towel for 5 min. 
• Resuspend in 1 mL PBS and transfer to a 1.5 mL tube. 
• Centrifuge at 13.2 krpm for 5 min. 

o Transfer supernatant into a new 1.5 mL tube. 
o Repeat centrifugation and transfer until no pellet remains. 

• Determine the phage concentration by measuring OD270 
o 45 µL ddH2O + 5 µL phage in a 384 well plate 
o Use Jen’s protocol on the spec 

• Knock out PBS/milk from plate and add 50 µL/well phage. 
o Incubate at 37˚C for 2 hrs. 

• Pipette out the phage from the wells and store at 4˚C. 
• Add 150 µL/well of PBS + 0.05% Tween to wash. 

o Pipette up and down 10x or 5x for regular binders. 
o Incubate for 5 min. 

• Add 50 µL/well of 0.1 M HCl and incubate for 10 min. 
o Pipette up and down to get phage off the plate. 
o Transfer into a 1.5 mL tube containing 3 µL of 2M Tris Base. 
o Store 25 µL at 4˚C (phage [OUT]). 

• Infect ER2738 starters from the morning when OD600 > 0.5. 
o Add 25 µL of phage [OUT] 

� Transfer into 30 mL of 2xYT with antibiotics. 
� Plate 10 and 100 µL and incubate at 37˚C overnight. 
� Incubate with shaking at 37˚C for 2 hrs. 

o 1 µL initial phage from the morning [IN]. 
� 1/1000 � 1/1000 � 1/100 � 1 µL in a 2 mL culture 
� [IN] – 10 and 100 µL � Discard the rest of the culture 

• Add 30 µL of 1 mM IPTG. 
o Incubate at 25˚C with shaking for 1 hr. 

• Add 30 µL of M13K07 helper phage for a final concentration of 1010 phage/mL 
o Incubate stationary at room temperature for ½ hr. 
o Incubate at room temperature with shaking for 1 ½ hrs. 

• Add 30 µL of kanamycin. 
o Incubate at 25˚C with shaking overnight. 

• Coat 2 wells with PBS/milk and 2 wells with PTx at 2 µg/mL 
o Incubate at 4˚C overnight. 
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Further rounds 

• Repeat until you see an increase/jump in the concentration of phage coming off 
the plate. Rounds 1 and 4 are typically α-myc. 

• Perform two extra rounds of panning. 
 

A.6.12 Redox-Potential (GSH/GSSG) 
Wunderlich and Glockshuber, 1993, Protein Science 

Hawkins, 1991, Biochem 

• Make 10 mL of reducing buffer with glutathione (oxidized).  
o 9 mL   100 mM Na-phosphate pH 7.0 
o 20 µL   0.5 M EDTA (1 mM) 
o 0.0612 mg  GSSG, oxidized (0.01 mM) 
o pH 7.10 and add ddH2O to 10 mL 

• Dilute protein of interest in reducing buffer. 
o 0.042 µM protein in 1.7 mL of buffer 

• Add 100 µL/well to a low binding black sided 96-well plate. 
o Two columns or rows for duplicates + 2 wells with only reducing buffer 

• Add reduced glutathione (GSH) in serial dilutions starting from 0.2 mM. 
o 0.0184 mg GSH + 200 µL buffer with protein (0.2 mM GSH) 

� Add 200 µL into the first well of the dilution series. 
� Mix and transfer 200 µL/well (1:3 dilution). 

• Incubate sealed at 30˚C for 12 hrs. 
• Read on spec. 

o Excitation 280 nm 
o Emission 250-400 nm 

• Calculations 
o Plot R v. [GSH]2/[GSSG] (mM) 
o Non-linear regression 
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A.6.13 Tryptophan Fluorescence 
Viswanatha, M, S. Subramaniam, D. W. Pledger, et al., “Modeling the structure of the 

combining site of an antisweet taste ligand monoclonal antibody NC10.14” Biopolymers, 

1996.  39: p. 395-406. 

• Preparation of Samples - 200 µL filter sterilized 
o Buffer alone 
o 4.5 µM PTx-S1-220 
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o 4.5 µM hu1B7 
o 1:1 stoichiometric complex 

� hu1B7:PTx-S1-220 at 4.5 µM each 
� Incubated at 37˚C for 1 hr 

• Reading 
o Black bottom low binding 96 well plate 
o Excitation: 278 and 295 nM 
o Bandwidth: 1 nM 
o Emission: 330-460 nM 
o Cutoff: 325 nM 

 
A.6.14 Fluorescent Labeling of Proteins 

• Buffer exchange protein to be labeled into 50 mM borate buffer, pH 8.5. 
o Use 10 kD centricons for final concentration > 2 mg/mL. 

• Dissolve 0.0005 g FITC (Pierce #46424) in 50 µL DMSO (10 mg/mL). 
• Add 20-fold molar excess FITC to the protein. 
• Incubate in the dark at room temperature with stirring for 1 hr. 
• Separate using a Micro Bio-Spin 30 

o Centrifuge new column for 4 min at 1000 x g. 
o Add 500 µL PBS to the column and centrifuge for 1 min at 1000 x g.  

Repeat 4x to buffer exchange the column. 
o Add FITC labeled protein to the column and put in a new collection tube. 
o Centrifuge for 2-3 sec at 1000 x g (3-7 times). 
o Labeled protein fraction looks clear. 

 
A.6.15 Fluorescence Anisotropy 
PerkinWelmer Envision in TI3D Facility located in Welch 3.310 with Eun Cho 

384 low volume black nunc plates are provided by the facility.  Fluorescently label the 

smaller binding partner. 

• Determine optimal fluorescently labeled protein concentration. 
o Start with 20 µL of your sample and measure the mP-value/intensity. 
o Dilute until mP-value is between 300 and 400.  Use this as your set 

concentration of fluorescent protein conjugate at these buffer conditions. 
• Determine maximal molar ratio of binding partner. 

o Using your optimal labeled protein concentration add the binding partner 
at various concentrations until you see a significant increase in mP-value 
when compared with labeled protein alone. 

o Once this concentration of binding partner is optimized, add it to your 
optimal labeled protein concentration at each of your buffer conditions.  If 
intensity changes, note the concentration factor for each buffer condition 
necessary to reach the optimal intensity of your original buffer condition. 

o Using these fixed concentrations, vary the volume of the sample complex 
to match the intensity measurements. 
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• mP-values have error bars of +/- 5 mP. 
• Values from different runs can not be compared due to machine 

variability.   
• mP-values increase upon binding. 

• Concentration series to determine Kd. 
o Once you have optimized your concentrations for each desired conditions, 

set up and read a concentration series. 
• Eight protein binding partner concentrations using the optimized 

concentration as the high. 
• Duplicates of samples along with duplicates of labeled protein in 

buffer with no binding partner. 
• Measure each point in triplicate. 

o Calculate Kd using Kaleidograph by non-linear regression analysis using 
the following equation. 

proteinfluorDproteinfluor mPtnerBindingParKtnerBindingParmP −− =+ ][/][max
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Appendix B: Sequence Data 
 
B.1. PTx-S1 nucleic and amino acid sequence 
 

 1                                   10          20 

gac gat cct ccc gcc acc gta tac cgc tat gac tcc cgc ccg ccg gag gac gtt ttc cag 

 D   D   P   P   A   T   V   Y   R   Y   D   S   R   P   P   E   D   V   F   Q    

        

                                     30          40 

aac gga ttc acg gcg tgg gga aac aac gac aat gtg ctc gac cat ctg acc gga cgt tcc 

 N   G   F   T   A   W   G   N   N   D   N   V   L   D   H   L   T   G   R   S    

 

                    50          60 
tgc cag gtc ggc agc agc aac agc gct ttc gtc tcc acc agc agc agc cgg cgc tat acc 

 C   Q   V   G   S   S   N   S   A   F   V   S   T   S   S   S   R   R   Y   T    

  

                                    70          80 

gag gtc tat ctc gaa cat cgc atg cag gaa gcg gtc gag gcc gaa cgc gcc ggc agg ggc 

 E   V   Y   L   E   H   R   M   Q   E   A   V   E   A   E   R   A   G   R   G    

 

                                     90         100 

acc ggc cac ttc atc ggc tac atc tac gaa gtc cgc gcc gac aac aat ttc tac ggc gcc 

 T   G   H   F   I   G   Y   I   Y   E   V   R   A   D   N   N   F   Y   G   A   

 

                                    110         120 

gcc agc tcg tac ttc gaa tac gtc gac act tat ggc gac aat gcc ggc cgt atc ctc gcc  

 A   S   S   Y   F   E   Y   V   D   T   Y   G   D   N   A   G   R   I   L   A    

 

                                    130         140 

ggc gcg ctg gcc acc tac cag agc gaa tat ctg gca cac cgg cgc att ccg ccc gaa aac 

 G   A   L   A   T   Y   Q   S   E   Y   L   A   H   R   R   I   P   P   E   N    

 

                                    150         160                      

atc cgc agg gta acg cgg gtc tat cac aac ggc atc acc ggc gag acc acg acc acg gag 

 I   R   R   V   T   R   V   Y   H   N   G   I   T   G   E   T   T   T   T   E    

 

                         170         180 

tat tcc aac gct cgc tac gtc agc cag cag act cgc gcc aat ccc aac ccc tac aca tcg 

 Y   S   N   A   R   Y   V   S   Q   Q   T   R   A   N   P   N   P   Y   T   S  

 

                                    190               200 

cga agg tcc gta gcg tcg atc gtc ggc aca ttg gtg cgc atg gcg ccg gtg ata ggc gct 

 R   R   S   V   A   S   I   V   G   T   L   V   R   M   A   P   V   I   G   A    

 

            210                                     220 

tgc atg gcg cgg cag gcc gaa agc tcc gag gcc atg gca gcc tgg tcc gaa cgc gcc ggc 

 C   M   A   R   Q   A   E   S   S   E   A   M   A   A   W   S   E   R   A   G    

 

                   230 

gag gcg atg gtt ctc gtg tac tac gaa agc atc gcg tat tcg ttc tag 

 E   A   M   V   L   V   Y   Y   E   S   I   A   Y   S   F   U 
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B.2. m1B7 scFv nucleic and amino acid sequence 
 

 1      10 

 D   I   V   L   I   Q   S   P   A   L   M   S   A   S   P   G   E   K   V   T    

GAT ATT GTT CTC CTC CAG TCT CCA GCA CTC ATG TCT GCT TCT CCA GGG GAG AAG GTC ACC 

 

 20       30  

 M   T   F   S   A   S   S   S   V   S   F   M   Y   W   Y   Q   Q   K   P   R 

ATG ACC TTC AGT GCC AGC TCG AGT GTA AGT TTC ATG TAT TGG TAC CAG CAG AAG CCA AGA 

 

 40       50  

 S   S   P   K   P   W   I   Y   L   T   S   N   L   P   S   G   V   P   A   R 

TCG TCC CCC AAA CCC TGG ATT TAT CTC ACA TCC AAC CTG CCT TCT GGA GTC CCT GCT CGC  

 

 60       70  

 F   S   G   S   G   S   G   T   S   Y   S   L   T   I   S   S   M   E   A   E    

TTC AGT GGC AGT GGG TCT GGG ACC TCT TAC TCT CTC ACA ATC AGC AGC ATG GAG GCT GAA 

 

 80       90  

 D   A   A   T   Y   Y   C   Q   Q   W   S   S   H   P   P   T   F   G   S   G  

GAT GCT GCC ACT TAT TAC TGC CAA CAG TGG AGT AGT CAC CCA CCC ACG TTC GGC TCG GGG 

 

100      110  

 T   K   L   E   I   K   R   G   G   G   G   S   G   G   G   G   S   G   G   G 

ACA AAG TTG GAA ATA AAA CGT GGT GGT GGT GGT TCT GGT GGT GGT GGT TCT GGC GGC GGC 

 

120      130  

 G   S   G   G   G   G   S   E   V   Q   L   Q   Q   S   G   S   E   L   V   R    

GGC TCC GGT GGT GGT GGA TCC GAG GTC CAG CTG CAA CAG TCT GGG TCT GAG CTG GTG AGG 

 

140      150  

 P   G   A   S   V   K   L   S   C   K   A   S   G   Y   K   F   T   S   Y   W 

CCT GGA GCT TCA GTG AAG CTG TCC TGC AAG GCT TCT GGC TAC AAA TTC ACC AGC TAC TGG 

 

160      170  

 M   H   W   V   K   Q   R   P   G   Q   G   L   E   W   I   G   N   I   F   P 

ATG CAC TGG GTG AAG CAG AGG CCT GGA CAA GGC CTT GAG TGG ATT GGA AAT ATT TTT CCT 

 

180      190  

 G   S   G   S   T   N   Y   D   E   F   K   N   S   K   A   T   L   T   V   D    

GGT AGT GGT AGT ACT AAC TAC GAT GAG AAG TTC AAC AGC AAG GCC ACA CTG ACT GTA GAC 

 

200      210  

 T   S   S   N   T   A   Y   M   Q   L   S   S   L   T   S   E   D   S   A   V   

ACA TCC TCC AAC ACA GCC TAC ATG CAG CTC AGC AGC CTG ACA TCT GAG GAC TCT GCG GTC 

 

220      0  

 Y   Y   C   T   R   W   L   S   G   A   Y   F   D   Y   W   G   Q   G   T   T  

TAT TAC TGT ACA AGA TGG CTA AGT GGG GCC TAC TTT GAC TAC TGG GGC CAG GGC ACC ACT 

 

 

240      

 L   T   V   S   S   A   S   G   A 

CTC ACA GTC TCC TCG GCC TCG GGG GCC 
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B.3. hu1B7 scFv nucleic and amino acid sequence 
 

 1      10 

 D   I   Q   M   T   Q   S   P   S   S   L   S   A   S   V   G   D   R   V   T    

GAC ATC CAG ATG ACC CAG TCC CCG TCC TCC CTG TCC GCT TCC GTT GGT GAC CGC GTT ACC  

 

 20       30  

 I   T   C   S   A   S   S   S   V   S   F   M   Y   W   Y   Q   Q   K   P   G 

ATC ACC TGC TCC GCT TCC TCC TCC GTT TCC TTC ATG TAC TGG TAC CAG CAG AAA CCG GGT  

 

 40       50  

 K   A   P   K   L   L   I   Y   L   T   S   N   L   P   S   G   V   P   S   R 

AAA GCT CCG AAA CTG CTG ATC TAC CTG ACC TCC AAC CTG CCG TCC GGT GTT CCG TCC CGC  

 

 60       70  

 F   S   G   F   G   S   G   T   D   Y   T   L   T   I   S   S   L   Q   P   E    

TTC TCC GGT TTC GGT TCC GGT ACC GAC TAC ACC CTG ACC ATC TCC TCC CTG CAG CCG GAA  

 

 80       90  

 D   F   A   T   Y   Y   C   Q   Q   W   S   S   H   P   P   T   F   G   Q   G  

GAC TTC GCT ACC TAC TAC TGC CAG CAG TGG TCC TCC CAC CCG CCG ACC TTC GGT CAG GGT  

 

100      110  

 T   K   V   E   I   K   R   T   G   G   G   G   S   G   G   G   G   S   G   G    

ACC AAA GTT GAA ATC AAA CGC ACC GGT GGT GGT GGT TCT GGT GGT GGT GGT TCT GGC GGC  

 

120      130  

 G   G   S   G   G   G   G   S   E   V   Q   L   V   E   S   G   G   G   L   V      

GGC GGC TCC GGT GGT GGT GGA TCC GAA GTT CAG CTG GTT GAA TCC GGT GGT GGT CTA GTT  

 

140      150  

 Q   P   G   G   S   L   R   L   S   C   A   A   S   G   Y   K   F   T   S   Y    

CAG CCG GGT GGT TCC CTG CGC CTG TCC TGC GCT GCT TCC GGT TAC AAA TTC ACC TCC TAC  

 

160      170  

 W   M   H   W   V   R   Q   A   P   G   K   G   L   E   W   V   G   N   I   F    

TGG ATG CAC TGG GTT CGC CAG GCT CCG GGT AAA GGT CTG GAA TGG GTT GGT AAC ATC TTC  

 

180      190  

 P   G   S   G   S   T   N   Y   D   E   K   F   N   S   R   F   T   I   S   V      

CCG GGT TCC GGT TCC ACC AAC TAC GAC GAA AAA TTC AAC TCC CGC TTC ACC ATC TCC GTT  

 

200      210  

 D   T   S   K   N   T   A   Y   L   Q   M   N   S   L   R   A   E   D   T   A    

GAC ACC TCC AAA AAC ACC GCT TAC CTG CAG ATG AAC TCC CTG CGC GCT GAA GAC ACC GCT  

 

220      230  

 V   Y   Y   C   T   R   W   L   S   G   A   Y   F   D   Y   W   G   Q   G   T    

GTT TAC TAC TGC ACC CGC TGG CTG TCC GGT GCT TAC TTC GAC TAC TGG GGT CAG GGT ACC  

 

240      

 L   V   T   V   S   S    

CTG GTT ACC GTT TCC TCG 
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